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TECHNICAL  EVALUATION  REPORT 


by 

G.P.Sallee 


1.  INTRODUCTION 

The  49th  meeting  of  the  Propulsion  and  Energetics  Panel  on  Power  Plant  Reliability  was  held  at  the  Koninklijk 
Instituut  Van  Ingenieurs,  The  Hague,  Netherlands  on  3 1 March  and  1 April  1 977.  The  meeting  was  organized  to  review 
and  discuss  engine  reliability  from  four  aspects: 

• the  reliability  of  current  civil  and  military  engines  as  experienced  by  the  users, 

• civil  and  military  authorities’  plans  to  promote  improved  reliability  in  future  engines, 

• what  manufacturers  are  doing  to  improve  reliability  through  design  and  testing  programs, 

• the  role  that  engine  health  monitoring  and  diagnostics  is  taking  in  minimizing  the  impact  of  engine  unreliability  for 
both  civil  and  military  users. 

The  meeting  was  divided  into  four  sessions  with  a total  of  1 8 papers.  The  presentations  were  well  received  and  the 
meeting  was  beneficial  in  establishing  a basis  for  future  discussions. 


2.  SUMMARY 

The  following  observations  reflect  the  tone  of  the  meeting  and  the  major  results. 

• Engine  reliability  is  not  satisfactory  in  either  commercial  or  military  services.  In  particular  the  newer  commercial 
engines  are  not  living  up  to  operators  expections. 

• It  seems  that  civil  and  military  authorities  are  considering  the  promulgation  of  more  stringent  requirements  and 
standards  concerning  the  development,  certification/qualification  and  acquisition  of  future  engines  with  respect 
to  the  reliability  requirements  that  must  be  met. 

• Manufacturers  are  designing  for  improved  maintainability  and  employing  improved  testing  techniques  to  expose 
problems  early.  Further  progress  is  possible,  but  is  contingent  on  the  availability  of  engineering  data  on  actual 
engine  usage  in  military  service.  In  addition  detailed  part  failure  data  is  needed  to  determine  the  causes  for  part 
failure  with  respect  to  usage  and  the  relationships  that  exist  between  the  various  modes  of  failure. 

• The  economic  impact  of  military  engine  unreliability  has  not  been  discussed.  The  cost  consequences  of  premature 
engine  removals,  aborts,  part  failures,  etc.,  are  needed  to  establish  the  role  of  engine  reliability  in  engine  life  cycle 
cost. 

• The  growth  of  engine  health  monitoring  in  the  commercial  airlines  and  the  increased  experimentation  of  such 
approaches  in  the  military  are  indicative  of  the  serious  consequences  of  poor  engine  reliability.  The  future  growth/ 
potential  for  such  techniques  is  impressive. 


3.  RECOMMENDATIONS 

Engine  reliability  will  continue  to  increase  in  importance  in  the  light  of  current  economic  pressures.  The  following 

recommendations  are  believed  by  the  writer  to  be  worthy  of  consideration  as  items  for  further  research. 

• The  reliability  history  of  todays  engines  beginning  with  their  initial  entry  into  service  needs  to  be  examined  such  that 
trends  and  major  causes  of  unreliability  are  visible  to  both  designers  and  users.  Comparison  of  available  data  between 
users  suggests  that  major  differences  exist  in  causes  for  engine  removals  on  identical  airframe/engine  combinations. 
Concurrent  with  examining  historical  reliability  data  is  the  need  to  quantify  the  cost  of  engine  maintenance.  The 
availability  of  such  data  would  permit  proper  assessment  of  the  trade-offs  between  performance  improvements 

and  reliability  improvements  for  future  designs. 

• Continued  documentation  on  the  manner  in  which  engines  are  actually  used  in  service  is  needed.  The  data  currently 
available  from  recent  testing  show  that  actual  thermal  cycles  during  flight  are  more  numerous  and  different  than 
contemplated  by  design  specifications  or  qualification  test  programs. 

• Broader  adaptation  and  experimentation  in  engine  health  monitoring  techniques  is  recommended  for  the  military 
services.  Preliminary  estimates  on  military  engine  maintenance  cost  indicate  that  they  are  four  to  ten  times  higher 
than  levels  previously  reported.  When  fully  documented  the  cost  of  maintenance  will  undoubtably  support  strong 
action  for  cost  reductions,  and  health  monitoring  has  the  potential  for  providing  the  cost  savings  from  controlling 
unnecessary  maintenance  actions  and  reducing  the  costs  of  failures. 
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• Continued  development  and  application  of  accelerated  engine  testing  techniques  and  lead-the-fleet  engine  concepts 
are  recommended.  In  addition  there  is  a need  to  more  closely  simulate  the  installed  engine  environment.  Externally 
applied  aerodynamic,  gravitational  and  gyroscopic  loads  can  cause  ovulization  of  cases  and  local  seal  rubouts.  The 
resulting  losses  in  performance  are  important  to  the  life  of  critical  hot  section  parts. 

• Examination  of  the  role  of  subsystem  reliability  in  overall  propulsion  system  reliability  is  needed.  The  cost 
consequences  of  flight  delays,  cancellations  or  mission  aborts  to  both  military  and  commercial  engine  users  need 
to  be  defined  and  exposed  to  the  technical  community. 

• The  military  services,  like  the  commercial  airlines,  must  insure  that  the  consequences  of  missing  reliability  goals 
are  similiar  to  those  for  missing  performance  guarantees.  In  order  for  this  to  occur  more  definitive  research  will 
be  needed  to  support  the  establishment  of  reasonable  requirements  in  keeping  with  the  overall  demands  placed  on 
future  engines. 

• Regarding  engine  health  monitoring  the  military  use  of  commercial  airline  procedures  should  L?  initiated  slowly 
in  an  evolutionary  rather  than  revolutionary  fashion.  The  airlines  have  more  engineering  personnel  per  installed 
engine  than  the  military  services  which  permits  them  to  monitor  trends  on  an  individual  engine  basis  and  take 
corrective  action  quickly.  The  availability  of  trained  personnel  is  critical  in  the  successful  application  of  such 
techniques. 


4.  DISCUSSION 

j 

In  preparing  this  evaluation  report,  the  papers  presented  were  regrouped  to  provide  a more  harmoni.Jus  presentation 
on  each  of  the  four  aspects  of  engine  reliability.  The  first  aspect  to  be  reviewed  was  a status  report  on  civil  and  military 
engine  reliability  and  concerns  related  thereto.  In  listening  and  reviewing  these  papers  and  the  discussions  that  followed 
[ the  impact  of  poor  reliability  on  safety  and  life  cycle  costs  were  stressed.  I 

r 

I 

Session  1 

i Paper  No.  6 by  J.A.Aguer  discusses  problems  being  experienced  in  todays  high  bypass  ratio  commercial  engines  and 

I the  origin  of  major  structural  and  fire  hazards.  Foreign  object  damage,  titanium  fires,  coking  of  fuel  nozzle  passages, 

' bearing  sump  fires  and  bearing  failures  are  typical  of  such  problems.  Maintenance  can  not  correct  such  deficiencies 

j and  improvement  in  design  standards  to  avoid  such  problems  must  be  sought, 

J Historically,  engine  weight  is  increased  in  early  service  through  modifications  to  improve  reliability  and  durability 

t and  at  significant  cost  to  the  users.  More  emphasis  is  needed  on  structural  integrity  and  durability  in  engine  development  i 

programs  and  less  on  weight  reduction. 

' Paper  No. 5 by  S.K.W.J.Demarteau  continues  this  discussion  and  provides  an  understanding  of  the  cost  consequences 

of  poor  engine  reliability  to  commercial  airlines.  As  an  example,  an  engine  removal  at  an  airport  close  to  the  main 
maintenance  base  is  1/10  the  cost  of  a removal  at  a distant  airport  overseas.  Early  detection  of  failures  is  also  essential 
to  control  the  high  cost  of  secondary  damage.  Low  time  failures  and  removals  of  recently  repaired  high  bypass 
engines  are  a major  concern  today  and  are  slowing  progress  toward  attainment  of  desired  reliability  goals.  The  only 
way  to  achieve  a justified  cost/reliability  level  is  to  look  for  cost  effectiveness  in  modifications,  maintenance  and 
monitoring  practices. 

Paper  No.  2 by  Gen.  L.Giorgeri  and  Col.  G.Facca  discusses  the  broad  aspects  of  reliability  and  related  cost  in 
Military  Air  Forces.  Engines  have  a tendency  to  lose  performance  with  the  passage  of  time  in  service  and  this  loss  is  ,| 

not  fully  recovered  during  maintenance.  Many  of  the  causes  for  engine  removals  are  common  for  all  nations; 

however,  many  unique  items  exist  in  each  nation  for  the  same  engine  and  aircraft  combination.  The  cost  of  engine  '' 

maintenance  in  the  military  services  is  much  higher  than  previously  believed.  These  factors  lead  to  concern  about 
future  engines  of  increased  complexity.  Additional  detailed  studies  are  needed  to  understand  the  overall  reliability 
picture  of  today’s  engines. 

These  papers  summarized  the  status  of  current  engine  reliability.  The  reliability  of  high  bypass  ratio  engines  entering 
commercial  service  are  still  less  than  what  is  needed.  These  new  engines,  even  after  five  to  seven  years  and  millions  of 
hours  of  service,  are  still  poorer  than  their  predecessors.  The  military  experience,  while  not  alarming,  is  less  than 
satisfactory.  A study  of  airline  experience  with  their  newer  high  performance  engines  brings  serious  concern  about 
the  initial  reliability  of  future  military  engines.  Consideration  of  changing  military  design  objectives  and  contract 
incentives  to  favor  improved  reliability  even  at  the  expense  of  some  performance  losses  may  be  needed  to  ensure 
adequate  readiness  and  reasonable  life-cycle-costs. 

Session  II 

Civil  and  military  authorities  appear  to  be  reacting  to  this  perceived  state  of  affairs.  Mr.  J.SIatford  presents  some 
of  his  thoughts  concerning  future  civil  engine  reliability  requirements  in  Paper  No.  4 and  the  form  that  such  requirements 
might  take.  The  changes  in  engine  development  and  procurement  program  policies  being  contemplated  by  the 
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United  States  Air  Force  are  discussed  in  Paper  No.  1 . The  revised  program  policies  stress  more  steps  in  the  process 
going  from  original  concept  to  actual  full  scale  production,  and  increased  emphasis  on  demonstration  testing  for 
structural  integrity  and  reliability.  More  decision  points  and  reviews  would  be  undertaken  prior  to  full  production 
release.  The  paper  by  R.Holl  (No.  7)  discusses  the  evaluation  of  general  engine  specifications  and  type  test  requirements. 
He  points  out  that  little  effort  was  made  until  recently  to  obtain  meaningful  data  of  how  engines  were  actually  used 
in  military  service.  Problems  with  engine  reliability  and  establishment  of  appropriate  engine  part  life  standards  led  to 
development  of  equipment  to  gather  data  on  how  engines  were  operated  in  service.  The  results  of  these  efforts  show 
actual  usage  to  be  far  more  severe  than  estimated  and  signal  that  a rather  severe  change  is  needed  in  engine  design, 
development  testing,  maintenance  and  reliability  criteria.  Further  work  in  correlating  parts  life  consumption  based  on 
actual  speed  and  temperature  excursions  and  their  variation  with  flight  type  is  planned  and  will  be  beneficial  in 
establishing  improved  part  life  standards. 

Paper  No.  1 1 by  R.J.Hill  discusses  procedural  steps  for  predicting  the  life  of  turbine  components.  The  difficulties 
in  establishing  good  design  and  life  positions  are  increased  when  actual  usage  varies  in  an  unknown  manner  from  design 
duty  cycle  assumptions.  The  ability  to  determine  the  proper  failure  modes  that  should  be  considered  and  their 
interrelationship  is  dependent  on  the  availability  of  large  data  bases  on  failure  modes  in  similar  parts.  These  data 
bases  are  not  adequate  and  in  most  instances  do  not  exist  for  today's  military  engines. 

Ses.sion  III 

The  response  of  manufacturers  to  user  concern  over  current  engine  reliability  was  addressed  from  a design 
standpoint  in  papers  No.  8,  9 and  10  and  increased  testing  in  papers  13,  14  and  15. 

Paper  No.  8 by  J.P.Marechal  discusses  the  CFM-56  development  program  and  the  actions  being  taken  to  insure 
improvement  in  engine  reliability  and  maintainability.  Paper  No.  9 by  B.L.Koff  discusses  the  four  major  requirements 
for  engine  design.  Simply  stated  the  first  three,  performance,  weight  and  cost  are  easily  determined  early  in  an  engine 
development  program.  The  last,  reliability,  of  which  durability  and  maintainability  are  part,  is  not  fully  known  until 
the  engine  is  well  into  service.  To  maximize  early  reliability  the  design  must  be  based  on  an  accurate  definition  of 
mission  requirements  and  accurate  trades  between  competing  performance,  weight,  cost  and  reliability  requirements. 

Once  the  optimum  configuration  is  chosen  rigorous  attention  to  detail  is  required  to  insure  proper  execution  in  the 
design  process.  Test  and  evaluation  programs  are  directed  at  proving  the  design  and  correcting  deficiencies.  Cyclic- 
endurance  testing  which  tax  major  elements  of  the  engine  have  been  helpful  in  defining  weaknesses.  Component 
test  and  analysis  are  used  to  backup  the  engine  endurance  testing  which  cannot  reproduce  all  expected  conditions 
in  actual  flight  in  all  parts  of  the  engine.  Advanced  instrumentation  and  special  test  equipment  are  being  used  to 
determine  the  actual  condition  of  parts  under  operation  and  to  accomplish  special  tests  such  as  foreign  object  ingestion. 
Tracking  the  first  engines  entering  service  and  observing  the  condition  of  parts  as  usage  time  accumulates  and  factoring 
this  experience  back  into  both  correction  of  current  problems  and  new  engine  design  requirements  will  lead  to  con- 
tinuing improvements  in  reliability  and  maintainability  for  the  future. 

One  of  the  approaches  to  achieving  higher  reliability  has  been  to  utilize  redundancy.  Paper  No.  1 0 by  J.C.Rennesson 
discusses  this  approach  and  the  precautions  which  must  be  taken.  The  requirements  for  redundancy  in  single  engine 
aircraft  are  more  severe  than  in  multiengine  transports.  Redundant  systems  present  difficulties  in  isolating  faults 
during  maintenance  and  produce  increases  in  cost. 

As  noted  in  B.L.Koff s Paper  No.  9,  endurance  testing  has  shown  to  be  beneficial  in  helping  to  uncover  weaknesses 
in  the  design.  Paper  No.  14  by  B.Devoge  discussed  the  design  and  results  of  the  endurance  test  program  on  the 
Olympus  593  afterburner  and  nozzle  assemblies. 

Paper  No.  15  by  B.J. McDonnell  discusses  the  accelerated  mission  testing  of  the  FIDO  engine  for  the  F-1 5 and 
progress  to  date.  The  test  program  was  divided  into  four  parts:  ( 1 ) determination  of  the  actual  mission  profile, 

(2)  definition  of  test  conditions,  (3)  accomplishment  of  the  tests  and  (4)  correction  of  problems  exposed.  Perhaps 
most  significant  to  the  writer  of  this  report  was  the  number  of  full  throttle  excursions  which  actually  occurred  based 
on  measurement.  This  usage  showed  that  the  military  qualification  testing  requirements  were  significantly  out  of 
touch  with  usage.  The  testing  has  been  successful  in  accomplishing  the  objectives  sought  and  in  conjunction  with 
“lead-the-force”  engines  has  been  responsible  for  extension  of  the  maximum  overhaul  operating  time  limits.  These 
tests  are  not  the  panacea  to  achieve  good  reliability  but  they  represent  a significant  step  forward. 

Paper  No.  13  by  D.Dini  reports  on  basic  test  work  on  an  engine  to  determine  its  tolerance  to  foreign  object 
ingestions  and  the  need  to  continue  such  test  work  to  determine  the  effect  of  structural  damage  caused  by  transient 
loads.  A procedure  for  undertaking  such  transient  load  tests  by  using  a gas  shock  tube  is  discussed.  The  need  for 
development  of  test  facilities  capable  of  simulating  the  icing  environment  of  helicopters  is  stressed. 

Session  IV 

Engine  health  monitoring  and  engine  diagnostics  have  been  in  use  by  commercial  airlines  for  a considerable 
period  as  discussed  by  P.Chetail  in  Paper  No.  12.  The  growth  and  success  of  these  techniques  has  led  to  their  becoming 
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a fundamental  part  of  commercial  airlines  engine  maintenance  programs.  Their  usefulness  has  come  from  observing 
the  trends  that  had  been  developing  prior  to  an  actual  failure  and  then  applying  these  lessons  to  corrective  action  on 
others  as  soon  as  the  same  symptom(s)  appear.  Continued  success  and  growth  of  such  techniques  will  require  even 
closer  collaboration  between  users  and  engine  manufacturers.  The  methods  currently  being  utilized  for  engine  health 
monitoring  in  the  French  Air  Force  are  discussed  by  C. Sprung  in  Paper  No.  3.  The  preliminary  results  of  T-38  on  board 
engine  health  monitoring  equipment  test  evaluations  are  presented  by  K.E.Eickmann  in  Paper  No.  18.  The  results 
have  been  gratifying  and  continued  testing  is  planned.  A prototype  activity  based  on  hand  processed  trend  monitoring 
of  engine  performance  on  a group  of  military  transport  engines  has  proven  immensely  satisfying  in  reducing  secondary 
damage  and  maintenance  cost. 

Paper  No.  16  discusses  the  results  of  experimental  testing  of  an  engine  with  known  faults  to  determine  the 
detectability  through  normally  measured  gas  path  performance  parameters.  Problems  of  fault  detection  and  related 
sensor  location  are  covered.  The  growing  technology  in  electronic  digital  computers  will  bring  about  totally  electronic 
fuel  control  systems.  Such  systems  lend  themselves  to  engine  diagnostics  and  trend  monitoring  with  minimum  increases 
in  complexity  and  cost.  These  possibilities  are  discussed  in  Paper  No.  1 7 based  on  flight  test  experience  with  prototype 
V/STOL  fighter  aircraft. 


5.  CONCLUSIONS 

The  price  of  each  new  engine  generation  has  increased  with  the  user  demands  for  improvements  in  engine 
performance.  The  performance  advances  have  been  achieved,  apparently  at  the  cost  of  increased  complexity  and  reduced 
reliability.  Today  economic  forces  (increased  fuel  costs,  higher  operating  and  support  costs  and  poorer  reliability 
from  newer  engines)  have  produced  the  need  for  both  users  and  manufacturers  to  re-evaluate  their  priorities  on 
performance  and  engine  reliability  in  context  with  long  temi  objectives. 

Comparing  historical  data  of  the  major  causes  for  engine  unreliability  for  a variety  of  engines  leads  to  the  con- 
clusion that  the  same  types  of  problems  are  repeated  in  every  engine  type  and  generation.  Comparison  of  users  data 
on  major  causes  for  unscheduled  removals  for  the  same  engine  and  aircraft  combination  show  that  certain  users  have 
problems  not  being  experienced  by  others.  These  data  suggest  that  variations  in  operational  usage,  environment, 
engine  age  or  detailed  maintenance  practices  must  also  be  considered  as  contributing  to  engine  unreliability. 

Actual  military  engine  usage  differs  substantially  from  that  used  as  the  basis  for  design.  Recent  studies,  both 
reported  during  this  conference  and  underway  in  tile  United  States,  show  that  major  thermal  cycles  in  actual  engine 
operation  are  as  much  as  10  times  higher  than  originally  considered  in  the  design  process  or  controlling  military 
specifications.  Certainly,  precise  definition  of  the  way  engines  are  actually  used  is  needed  to  properly  address  low 
cycle  fatigue  and  stress  rupture.  Data  of  actual  engine  thermal  cycles  in  each  aircraft  type  on  different  missions  ir? 
needed  to  update  engine  specifications  and  design  criteria. 

In  discussing  engine  reliability  the  engine  is  frequently  considered  alone  and  not  as  a part  of  a propulsion  system. 

If  detailed  historical  studies  had  been  accomplished,  it  is  the  writer's  belief  that  subsystems  elements  such  as  starters, 
oil  system  components,  ignitors,  instrumentation,  air  bleed  valves,  etc.,  are  often  major  sources  of  line  maintenance 
problems,  aborts,  cancellations  or  delays.  Growth  in  overall  system  reliability  will  be  contingent  on  improvements 
in  these  areas  also. 

Comprehensive  data  feed  back  to  manufacturers  of  engine  and  part  failure  information  including  part  time/cycles, 
mode  of  failure  and  primary  or  secondary  involvement  is  needed  to  improve  engine  reliability  after  entry  into  service. 

All  too  often,  redesign  action  can  be  initiated  on  the  basis  of  too  little  information.  Comprehensive  research  into  the 
causes  for  unreliability  covering  many  years  and  many  engines,  particularly  for  the  military  services,  will  be  needed  to 
understand  what  changes  in  specifications,  regulations,  operating  procedures,  design  practices  and  maintenance  programs 
are  required.  Certainly  the  determination  of  the  cost  to  the  users  of  poor  reliability  is  a first  step. 
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ABSTRACT 


The  Air  Force  is  considering  developing  a new  Military  Standard  for  turbine  engines.  This  standard 
Is  aimed  at  providing  overall  policy  and  requirements  for  turbine  engine  structural  development  during 
the  entire  systems  life  cycle.  This  paper  outlines  a first  review  of  the  tasks  Involved  in  the  Standard. 
Specific  items  such  as  duty  cycle  and  tests  concerned  with  fatigue  considerations  are  noted. 

INTRODUCTION 


The  Air  Force  has  for  some  time  been  concerned  with  achieving  the  maximum  service  life  from  its 
turbine  engines . Several  recent  experiences  have  led  to  the  recent  need  to  relook  our  development  and 
acquisition  procedures.  Because  of  the  vital  aspects  of  fatigue  and  structural  design  to  this  activity 
a special  program  to  develop  a Military  Standard  is  being  considered.  This  program  would  have  the  goal 
of  outlining  in  a Standard  (known  as  ENSIP)  the  key  tasks  and  programs  necessary  to  achieve  satisfactory 
service  life  without  unduly  sacrificing  the  performance  objectives  of  the  engine  and  system. 

CONCEPTUAL  PHASE  - TASK  I 


This  is  the  embryonic  phase  of  any  new  weapon  system.  It  is  the  first  stage  in  the  long  process  that 
leads  to  a fully  developed  and  operational  system.  During  this  phase,  studies  are  made  to  deter:vine  what 
capabilities  are  required  to  achieve  the  desired  operational  needs. 


The  engine  under  consideration  may  be  existing  inventory  engines,  a derivative  model  of  an  existing 
engine  or  an  advanced  design. 

. Because  of  the  fluidity  of  the  system  design,  we  envision  that  engine  structural  design  will 
not  be  heavily  influenced  in  this  phase  by  specific  usage  considerations  but  by  generic  usage  considera- 
tions l.e..  Fighter,  Bomber  or  Transport  usage. 

The  major  structural  considerations  to  be  explored  are  the  influence  of  engine  weight  on  system  per- 
formance and  some  preliminary  definition  of  the  engine  duty  cycle  which  is  key  to  fatigue  life  design. 
These  data  will  be  obtained  through  study  by  the  Air  Force  and  system  contractors  and  provided  to  engine 
contractors  in  preparation  for  the  validation  phase.  This  effort  could  be  considered  as  Task  I of 
ENSIP  as  shown  in  Fig  1. 
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CONCEPTUAL  AND  VALIDATION  PHASES 


VALIDATION  PHASE  - TASK  II 


This  phase  sees  the  first  system  hardware  being  designed  and  built.  If  the  program  requires  it, 
prototype  aircraft  may  be  constructed  and  evaluated  as  In  the  current  Advanced  Medium  STOL  Transport 
(AMST)  flight  test. 

It  is  in  this  phase  that  the  first  concrete  efforts  regarding  engine  structural  design  result.  In 
the  preliminary  design,  the  duty  cycle  defined  in  Task  I will  be  used  to  design  the  life  limited  parts. 
Trade  studies  using  the  performance,  life  and  weight  will  be  made  to  further  define  what  the  true 
objectives  of  the  engine  should  be.  This  effort  results  in  demonstrator  hardware  as  shown  In  Fig  1. 

If  significant  technology  advance  is  necessary  to  achieve  the  requirements,  the  demonstrator  hard- 
ware may  be  prototype  engines  for  ground  and  flight  evaluation.  Limited  endurance  testing  will  be 
a goal  of  having  a safe  flight  test.  The  significant  ground  test  activity  will  be  aimed  at  defining 
the  internal  environment  in  which  the  parts  must  work  as  this  information  is  critical  to  successful 
calculation  of  the  structural  life.  Lesser  technology  advances  will  only  require  some  structural  rig 
test  to  new  conditions. 

The  prototype  flight  testing,  while  primarily  for  system  test,  should  also  provide  updated  infor- 
mation on  engine  usage  during  the  projected  mission  of  the  system. 

The  final  output  of  this  Task  II  activity  could  be  defined  structural  requirements  for  proceeding 
into  full  scale  development. 

FULL  SCALE  DEVELOPMENT  PHASE  - TASKS  III  & IV 

In  this  phase,  the  system  is  defined  and  work  is  proceeding  to  develop  an  operational  capability. 

Two  essentially  parallel  structural  tasks  are  performed:  structural  analysis  and  structural  tests. 

The  process  starts  as  shown  in  Fig  2 by  review  of  the  prototype  system  and  update  of  its  design.  Engine 
trade  studies  are  updated  consistent  with  updated  system  requirements  to  Insure  that  the  best  trades  of 
performance,  life  and  weight  are  being  made. 
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FIG  2.  FULL  SCALE  DEVELOPMENT  PHASE 

Test  hardware  and  engines  are  placed  into  ground  test  demonstration  to  at  safe  operation  for  the 
subsequent  flight  test  program.  These  initial  tests  are  limit  type  tests  such  as  overspeed  and  over- 
temperature  to  ensure  that  no  major  design  deficiencies  exist.  After  flight  test  is  underway,  the 
projected  mission  may  be  flown  to  define  the  duty  cycle  for  the  engine. 

It  is  only  after  these  evaluations  are  successfully  concluded  that  the  first  life  demonstration 
testing  be  undertaken.  Full  life  component  tests  could  be  run  to  ensure  that  the  basic  capability  of 
the  machinery  is  adequate.  These  would  be  followed  by  limited  endurance  testing  of  the  engine  to  estab- 
lish confidence  in  the  inherent  operational  engine  life. 

The  final  result  of  Task  III  Tests  and  Task  IV  Analyses  is  a Bill  of  Material  engine  ready  for  low 
rate  production.  A secondary  result  but  a very  key  one  would  be  the  preliminary  definition  of  engine 
life  limits  and  the  manufacturing  and  inspection  requirements  that  must  not  be  violated  if  the  engine  is 
to  be  operated  safely  and  reliably  in  initial  service. 

PRODUCTION  PHASE  - TASK  V 


In  practice,  the  Production  Phase  overlaps  the  FSD  phase,  in  that  low  rate  production  engines  are 
produced  to  permit  evaluation  of  the  effects  of  conversion  from  developmental  tooling  to  production 
tooling  prior  to  high  rate  commitments,  fig  3 shows  the  steps  Involved  in  this  phase  which  provide 
structural  assessments  for  accelerating  the  engine  production  rate. 
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FIG  3.  PRODUCTION  PHASE 

Initial  production  engines  would  be  subjected  to  two  distinctly  different  but  complimentary 
structural  assessments:  Accelerated  Mission  Testing  (AMT)  and  Lead-The-Force  (ETF)  testing. 

AMT  is  special  ground  testing  of  the  engine  that  simulates  the  cyclic  fatigue  and  stress  rupture 
loading  that  the  engine  receives  in  operational  use.  Engine  flight  operating  time  which  does  not  con- 
tribute to  these  structural  loading  modes  Is  eliminated  from  the  AMT  ground  test  time  which  may  compress 
the  required  test  hours  by  50-75%  to  achieve  equivalent  strv  oral  damage.  The  AMT  program  is  keyed  to 
actual  field  surveys,  as  it  proceeds,  to  correlate  initial  operational  usage  with  assumed  AMT  test  cycle. 
Successful  AMT  results  are  used  to  key  the  high  rate  produc.  on  decision  process. 

The  LTF  program  places  the  initial  production  engine  into  an  operational  environment  which  Inten- 
tionally operates  a few  engines  on  a flight  hour  schedule  which  i*.  significantly  In  excess  of  that 
achieved  by  the  general  operational  engine  population.  These  engines  are  otherwise  operated  and  main- 
tained as  other  operational  engines.  They  are  selectively  returned  to  an  overhaul  facility  for  detailed 
teardown  and  inspection  to  identify  operational  problems  which  were  previously  unrecognized  by  the 
inherent  limitations. 

Both  AMT  and  LTF  programs  are  intended  to  accelerate  our  understanding  of  the  probable  structural 
maturity  of  the  engine  over  that  obtained  by  prior  practices  and  to  enhance  our  understanding  of  main- 
tenance procedures  and  repair  practices  which  must  be  instituted  for  safe,  reliable  and  most  economic 
consumption  of  the  inherent  engine  structural  life  limits. 

OPERATIONAL  PHASE  - TASK  VI 


The  entire  ENSIP  process  reaches  completion  in  this  phase.  If  the  program  has  been  followed,  this 
task  would  be  mainly  one  of  keeping  check  of  changing  missions  and  uses  as  noted  in  Fig  4.  These  changes 
can  result  in  engine  modifications  that  need  proof  either  through  component  or  engine  test.  Also,  over- 
haul and  production  engines  and  procedures  are  periodically  checked  through  AMT.  The  monitoring  of 
missions  can  be  achieved  by  field  surveys  and/or  integral  engine  or  airframe  recorders, 

OPERATIONAL  PHASE 
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SUMMARY 


The  continuing  ENSIP  development  is  primarily  aimed  at  achieving  a standard  that  will  permit  the 
Air  Force  to  obtain  engines  with  the  best  possible  structural  characteristics.  Specific  tasks  for  each 
phase  of  the  development  process  may  be  identified  and  implemented.  We  Intend  to  ask  the  assistance  of 
industry  and  the  other  services  In  defining  the  tasks  and  determining  the  overall  content  of  a standard. 

If  we  intend  to  maintain  the  outstanding  record  of  the  USAF  turbine  engine,  we  must  extract  the  maximum 
life  from  the  engine  without  compromising  Its  basic  structural  capability  and  unduly  Impacting  the  per- 
formance level.  Through  the  development  of  the  processes  and  procedures  of  ENSIP  and  appropriate 
modifications  to  the  engine  general  specifications,  we  believe  we  and  the  industry  can  achieve  this  goal. 

This  paper  outlines  one  major  thrust  of  the  Aeronautical  Systems  Division  towards  improving  the 
reliability  of  turbine  engines  l.e.,  life  cycle  design  and  test  approaches  to  Improved  structural 
characteristics.  Other  thrusts  are  being  taken  in  areas  of  Improved  engine  controls  and  engine  capability 
margins. 
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ITlitary  enginea  community  (manufacturers  and  users),  in  decades  of  experience,  are 
well  acquainted  with  the  sererlty  of  mechanical  deterioration  and  of  the  large  amount  of 
labor,  skill  and  costs  inrolTed  in  maintaning  engines  in  serrlce  at  an  adequate  standard 
of  efficiency  and  safety. 

This  paper  attempts  to  afford  some  contribute  to  identify  problems  which  are  respon 
sible  for  deterioration  and  to  analyse  structure  of  costs  thus  generated.  ~ 

Main  results,  eren  only  prorislonal  neTertheless  worthy  of  attention,  are: 

- Overall  maintenance  and  repair  life  cycle  costs  appear  to  be  comparable  with  the  new 
engine  cost. 

- Performance  deterioration  seems  not  a problem  of  major  concern  for  military  operation, 
at  least  in  the  actual  environmental  context. 

- Design  must  pay  proper  attention  to  "reliability"  and  "maintenabllity"  concepts  from 
the  teglnning  and  trade-offs  should  be  performed  in  order  to  optimiRthe  engine  overall 
life  cycle  costs. 


1.  HTBOPaCTIOH. 

I^ls  report,  with  the  exceptions  of  paragraphs  2., 3.  and  the  Appendices,  is  based 
mainly  on  the  data,  ideas,  concepts  and  findings  collected  and  processed  by  the  P.E.P. 
EORKIBG  GBOlIP-08  on  "AERO-ENGINE  DETERIORATION  IN  AIR  FORCE  SERVICES"  «ifh  the  parteci- 
patlon  of  experts  from  several  nations  and  to  which  authors  cooperated.  Paragraph  2.  and 
the  Appendices  are  completely  original.  Paragraph  3.  was  thorou^ly  reworked  in  order  to 
be  exposed  in  the  actual  general  form  eventually  usable  by  the  reader. 

Investigations  were  centered  exclusively  on  jet-engines  with  or  without  afterbumei; 
installed  in  combat  aircraft.  Data  collection  was  the  principal  problem  of  the  study  due 
to  difficulties  of  uncovering  classified  information  and  to  the  non-commonality  of  defi- 
nitions, philosophies  of  maintenance  and  procedures  of  processing  data  which  exist  with 


each  nation. 

In  spite  of  these  adverse  conditions  the  study  was  continued  seeking  to  round-off 
asperities,  adopting  conservative  hypotheses  in  order  to  save  the  sffectlveiess  of  data. 
Many  topics  are  yet  questionable  but,  it  is  believed,  fundamental  things  are  quite  clear 
and,  what  is  important,  some  are  different  from  what  was  believed  by  common  expectation. 

Data  were  obtained  for  the  engines  illustrated  in  table  I.  (11  models,  6 families 
for  a total  park  of  about  47(X)  engines  in  exercise)  ranking  from  about  3000  pound  to 
21.500  military  static  sea  level  thrust. 

TABLE  .1. 


KS  type 

gg  gg  OF 
QS  QS!  noiNE 


TF 


.J  THRUST  T(lb  SFCdb/lbfihr]  WEIGHT  i(lb)  MANDFACT. 
SLS  nominal]  SLS  nominal  Tgjjiodbj/ii,)  LICENSEE 


A/B  — 


MIL 

12600 

EASESSaH 

UdM 

MIL 

11900 

MIL 

11900 

UAM 

1^’' 

MIL 

10000 

USERS 

DATA 
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TABLE  I (continued) 


u 

oo 

ss 

ENGINE 

FAMILY 

TYPE 

OF 

ENGINE 

A/B 

THRUST  T(lb) 
SLS  NOMINAL 

SFCdb/lbfxhr) 
SLS  NOMINAL 

WEIGHT  W(lb) 
’^RATIO(lbfAb) 

MANUFACT. 

LICENSEE 

USERS 

DATA 

7 

"C" 

J 

YES 

TTB^ 

MIL 

15800 

10000 

T7B 

MIL 

0.86 

3550 

2.94 

US 

CAN 

CAN 

8 

"D" 

J 

YES 

TJT' 

MIL 

1^00 

9400 

A/B 

MIL 

1.01 

5100 

3.03 

Ffi 

BL 

BL 

FR 

9 

HpM 

J 

NO 

A/B 

MIL 

5000 

MIL 

1.10 

500 

6.25 

UK 

IT 

IT 

10 

J 

NO 

ITS" 

MIL 

4500 

A/B 

MIL 

1.08 

^500 

5.00 

bK 

UK 

11 

«y" 

J 

YES 

A/b 

MIL 

430o 

2900 

A/b 

MIL 

OS“ 

0.92 

^00 

4.83 

iis 

CAN 

C3[B 

NL.US 

2.  aiGIME  PERFOaiANCE  DETERIORATION. 

Bata  obtalnei^  are  of  sereral  types:  precise  statjrstical  samples,  single  engine  and 
arerage  data.  Therefore  it  was  necessary  to  adapt  the  analytical  statistics  to  these 
non  homogeneous  data.  Some  data  are  referring  to  a "deterioration  concept",  others  to 
a "performance  evolution  concept";  some  are  more  complete  in  the  sense  that  from  them 
is  easy  to  deduce  either  one  or  the  other  concept.  Anyway  the  processing  was  performed 
with  very  conservative  hypotheses.  Few  data  were  found  which  was  necessary  to  reject 
for  various  but  clear  reasons. 

Performance  evolution  in  military  and  maximum  thrust  and  specific  fuel  consumption 
versus  operation  time  is  illustrated  in  fig.  1,2,3  and  4.  These  figures  are  related  to 
engines  of  the  family  "C"  (approx,  of  the  same  thrust  and  wei^t),  which  is  a very  ty- 
pical engine  family  for  combat  A/C  in  use  with  several  nations. 

The  visual  examination  of  fig.  1,2, 3, 4 allows  to  formulate  the  following  provisio- 
nal judgements: 

- Engine  performance  deterioration  with  time  of  operation  (mil.  and  max.  thust,  mil  and 
max  S.F.C.)  is  clearly  recognized. 

- Military  thrust  (basic  important  parameter  wich  warrants  the  satisfaction  of  the  mi- 
litary missions),  during  the  operation  time  interval  which  was  possible  to  investiga- 
te, is  never  below  the  nominal  value. 

- The  dispersion  of  data,  in  terms  of  3 <5  . standard  deriation),  at  least  for  the 

engines  of  the  samples  examinated  is  quite  high,  even  with  new  engines.  This  fact  is 
indeed  well  in  line  with  the  conclusions  of  ref.  5 (par.  5,  FAH,  COMPRESSOR  AND  TUR- 
BINE PERFORMANCE  PREDICTION  AS  AN  UNRESOLVED  PROBLEM). 

The  following  deductions  descend  immediately: 

- The  deterioration  of  the  S.F.C.  for  "full  power"  has  an  impact  on  deterioration  di- 
rect costs  (total  fuel  consumption  Increase). 

- The  military  engines  seem  to  be  desigied^and  developed  with  a necessary  "oversizing 
concept"  on  thurst,  wich  naturally  is  paid  by  the  customer  (user),  being  the  price 
of  the  new  engine,  in  general,  proportional  to  static  thrust.  This  phenomenon  is  s 
contribute  to  the  Indirect  costs  of  the  engine,  caused  by  the  thrust  deterioration. 

In  order  to  establish  more  rigorously  the  dependance  of  military  thrust  deterora- 
tion  with  time  of  operation,  different  correlations  formulas  linear  and  non-linear  were 
sou^t,  taking  the  determination  coefficient  (see  after)  as  a parameter  of  evidence  of 
the  eventual  existence  of  this  correlation.  The  best  formula  found  is  linear: 


2.  i. 


•here : 


Deterioration  of  military  thrust,  in  terms  of  percentage  static,  teat  cell,  ef- 
fective military  thrust, 
t - time,  in  operation  hours. 

r*  ■ coefficient  of  determination.  It  is  to  remember  that  the  "determination  coeffi- 
cient” is  the  ratio  of  the  "explained"  ("total"  minus  "residual")  to  the  "total 
variation".  That  is  the  relative  quantity  of  dispersion  of  statical  data  which 
is  eliminated  by  the  correlatior  law. 
r ■ coefficient  of  correlation. 

The  intercept  of  this  ri^t  with  the  ordinata  axis  is  the  arerage  "orersizing" 
percent  of  thrust  for  the  new  engine.  The  intercept  with  the  abscissa  axis  gives  the 
maxlmun  "full  mission  age"  of  the  engines.  The  term  O.OOlOxt  is  the  expressions,  in 
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function  of  time,  of  the  deterioration. 

Other  correlations  where  obtained,  in  linear  form, 
and  maximum  S.F.C.  evolution  as  follows: 

foi  maximum  thrust,  military 

^ =1  2..753-o.oo>l2-b 

-r%  0.449  ■yi’zz  0-670 

2.2. 

— 9- 446 -0.0092.  xb 

VSFC  A,.  ^ 

2.3. 

where : 

~ -1  G70 -0  oo22x^ 

6 • V=O.08<1 

2.. 4. 

(£1.- 

Maximum  (A/6)  thrust  evolu  tlon,  in  terms  of  percentage  static,  test  cells 
effective  maximum  thrust. 

■ llilltary  S.F.C.  eTolution,  percent. 

VC  2tV* 

C * UaximuB  (A/B)  S.F.C.  erolution,  percent. 

ot^er  data .especially  for  military  thrust,  were  arailable  for  all  the  engines  of 
table  I.  In  fig.  6 is  illustvaAed  the  envelope  of  such  data.  Many  attenps  (mono-,  two- 
and  three-  dimensional)  were  therefore  performed  in  order  to  find  a general  correlation 
formula  between  the  military  thrust  deterioration  and  the  operation  time.  All  these  at- 
tempt were  unfortunate  because  the  data  are  few  and  not  sufficient  to  overcome  the  ma- 
sking effect  of  the  strong  dependance  of  the  deterioration  with  the  military  thrust 
(Tmji)  and  the  engine  wei^t  (W). 

The  beat  found  is  the  following  expression: 

^ 0.6Hk\ 

AT_  — 55^.  28952  xTJiu  2..^. 

"Hiiu  '•'V259 

-f « ) r = 0.&69 

where : 

~ Nominal  military  thrust  in  lbs. 

■ Military  nominal  thrust  deterioration  in 
W ■ Weight  of  engine  in  lbs. 

The  discussion  of  the  2.5,  which  follows,  can  be  questionable,  being  based  on  the 
assumption  that  the  correlation  found  is  sufficiently  universal.  In  the  absence  of  0- 
ther  more  complete  Investigations  it  will  be  nevertheless  reported.  Expression  (2.5) 
can  be  written; 

x0.6ai4| 

%.u  {uJ  ^o.u9»9 

which  (error  in  exponent  0.48  minor  of  + B.W,  error  in  exponent  0.66  minor  of  + I5<)i8 
very  close  to: 


2.7. 


Formula  (2.6)  can  otherwise  be  written: 

at  = 37  4.  2.8. 


which  is  very  close 


to  (errors  in  exponents 


of  same  magnitude  as  before): 


2.9. 
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Examlnating  qualitatlrelj  the  expressions  (2.7.)  and  2.9.)  one  sees  that  deterio- 
ration increases  with  the  ratio  of  thrust  to  wei^t  and  decreases  respectivelj  with  the 
weight  and  with  the  thrust.  This  sentence  appears  perfectly  reasonable. 

Indeed  as  "bigger*'  is  an  engine  (higher  T and  higher  ff),  in  a defined  technologi- 
cal context  ($  constant,  see  Appendix  II),  the  expected  deterioration  is  winor  becau- 
se the  "scale"  of  the  deteriorating  factors  (see  par.  5)  can  be  assumed  constant. 

Uoreorer  formulas  of  the  type  of  2.7.  and  2.9.  express  the  skill  of  the  manufac- 
turer to  build  with  given  weight  and  thrust  in  function  of  the  deterioration. 

Same  formulas  are  usable  by  the  customer  (user)  for  comparison  reasons. 

It  is  clear  that  the  performance  deterioration  parameter  ( ^ ) can  be  varied  and 
adapted  to  the  actual  case,  the  same  can  be  done  with  the  performance  (T)  and  construc- 
tive (V)  parameter;  it  is  not  difficult  with  this  line  of  throught  to  extend  the  result 
of  this  particular  problem  to  the  most  important  and  basic  problem  of  the  Industry  and 
commerce  of  our  era:  "construct  and  purchase  manufacts  with  predictable  life". 

What  precedes  is  valid  from  a general  point  of  view;  there  are  other  two  particu- 
lar important  aspects: 

- The  deterioration  rate  at  the  beginning  of  the  life  of  the  engine. 

- The  "part  power"  deterioration. 

These  two  points  are  covered  by  ref.  1 and  6.  It  will,  for  sake  of  brevity  report- 
ed here  an  abstract  from  ref.  1.  "Data  concerning  earlier  versions  of  the  "C"  family 
engine  suggest  that  a substantial  portion  of  the  deterioration  that  occurs  with  opera- 
tional usage  will  occur  in  the  first  50  to  150  hours  of  operation.  This  initial  hi^ 
rate  will  be  followed  by  a lower  rate  of  deterioration  as  operating  time  is  accumulated. 
The  conclusion  of  the  analysis  indicated  that  losses  on  the  order  of  1 to  2)<  in  airflow 
and  2 to  4^  in  thrust  could  be  expected  as  well  as  increases  of  SFC  on  the  order  of  1.5?t 
at  Military  power  setting.  Higher  losses  in  airflow  and  SFC  could  be  expected  at  lower 
power  settings.  SFC  levels  of  3.5  to  5?t  were  reported  from  a limited  sample  of  engi- 
nes at  75^  of  normal  power". 

In  conclusion  from  what  precedes,  it  appears  that,  perphaps,  the  following  expres- 
sions will  describe  the  performance  deterioration  situation: 

^ = A-t  (1- 2.^0. 


or 

P 


where : 

V ■ general  performance  parameters 

> deterioration  of  P, 

n,m,q,p,A,6,b  ■ positive  real  numbers. 

The  graphic,  deterioration  time,  will  have  the  following  appearance: 


Another  argument,  for  which  it  was  possible  to  collect  only  few  data,  la  how  the 
overhaul  or  repair  is  Improving  the  previous  deteriorated  performance.  From  fig.  5 it 
is  clear  that  some  positive  Improvement  is  statistically  evidenced,  but  it  is  not  ex- 
cluded that  even  the  overhaul  or  repair  itself  can,  if  not  properly  executed,  provoke 
a deterioration.  No  correlations  at  all  was  possible  to  establish.  The  effects  of  all 
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the  maintenance  actions  can  be  thought  to  be  superimposed  on  the  life-deterioration 
graph  as  historical  erents  for  each  lndl7idual  engine,  glrlng  an  indlrldual  biogra- 
phy that,  if  obtained  experimentally,  could  be  rich  of  useful  Informations  for  the 
user  and  for  the  manufacturer. 

3.  AVERAGE  LIFE  CYCLE  COSTS  OF  UAIRTENAHCE  ABO  REPAIR  VERSUS  TIUE.  BBOEEB  DOVB  IB- 

W LAfiOR  AW)  mmikl. 

This  analysis  is  focused  on  combat  A/Cncomplete  of  accessories)  with  the  aim 
to  identify  qualitative  parameters  which  affect  the  direct  maintenance  and  repair 
costs,  trying  to  hare  an  estimate  of  such  costs  using  the  data  which  were  collected. 

Data  used  are  essentially  those  of  the  "C"  family  (see  table  I.)  in  service 
with  Air  Forces  cf  different  Rations,  which  are  between  each  other  comparable. 
Financial  data  are  actualized  to  the  1973-74  year. 

Labor  cost  is  in  the  area  of  20  US|  per  hour. 

This  study  represents  a preliminary  effort  and  the  related  difficulties  were 
principally  those  connected  with  different  maintenance  philosophies,  doctrines  and 
organisation  concepts  adopted  by  each  Air  Force.  A more  effective  investigation, 
able  to  collect  and  process  massive  blocks  of  data,  is  believed  necessary.  Bever- 
theless,  even  if  some  data  are  only  estimated,  the  "order  of  magnitude"  conclusions 
are  believed  valid  due  to  the  very  conservative  hypotheses  introduced  in  the  cour- 
se of  the  study. 

3.1.  AVERAGE  LIFE  CYCLE  OF  TURBOJET  ^QIBES  IBSTALLED  IB  COMMT  A/C. 

The  typical  operational  life  E.t*.  oi  a turbojet  engine  for  a combat  A/C  can 
be  assumed  to  vary  in  the  limits: 

2000  op.hrs^T  E.L.  3500  op.hrs 

These  figures  are  the  results  of  an  operational  study  valid  under  the  follow- 
ing hypo these* : 

- A/C  are  performing  only  peace  time  operation  and  remain  in  service  for  several 
lustra. 

- Bo  "attrition"  is  considered. 

- All  engines  of  the  park  (Installed  and  spare  engines)  are  sustaining  a uniform 
operational  load  (due  to  the  recycling  flow  of  engines  from  overhaul  and  repair). 

- The  ratio  s between  spare  to  installed  engines  is  varying  from  0.3  to  0.5. 

' The  engined  are  of  the  "non  modular"  concept. 

3.2.  STRUCTURE  OF  DIRECT  LIFE  CYCLE  COST. 

^ot  taking  into  account  pre-installation  costa,  each  engine  installed  in  an 
A/C  can  be  thought  to  have  the  following  direct  life  cycle  cost  structure: 

£-CMCine)D-(tTEmi*wATMH)Cfo(T)  z o i 


where : 

3 * Spare  engine  ratio  (typically:  0.3  for  twin,  non  modular,  engines  A/C;  0.5 

for  single,  non  modular,  engine  A/C;  0.2  for  modular  engines  A/C). 

Moreover,  for  the  acquisition  costs,  we  have: 

B.E.C.  - a X l^iLn 

where : 

a ■ Specific  cost  of  acquisition,  customarily  expressed  in  US|  per  pound  of  no- 
minal military  thrust;  depending  from  engine  type,  size,  procurement  year, 
quantity  per  lot,  technology  level,  etc...  (Typical  average  value  for  fi- 
nancial year  1973-74  about  50  USE  per  pound). 

'Imiiit  Test  cell,  static,  sea  level,  I.S.A.,  nominal  military  thrust  (dry)  in  pounds 
Consumption  costa  can  be  expressed  as:  " 

r F.O.C.C.  - (^«LA4P.C.*^L.A.OC.VrL£:f  V E.L.  3.2.3. 

where : 

L.A.F.C.  > Life  average  S.F.C. 

f - Cost  of  fuel  per  pound  (typical  for  *73-74  about  0.10  I/lb). 

L.A.O.C.  > Life  averan  specific  oil  consumption  (typ.  2x10  Ib/lbf  hr). 
jS  • Cost  of  oil  per  pound  (about  ll/lb). 

E.L.  ■ fiiglne  life  equal  to  A/C  life  divided  by  (l'»s). 

Deterioration  costa  are  structured  as  follows: 

E D.C.  = + 

T*.  ^ .O* 


3.2.^. 
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where: 

T.B.O. 

0/Bl 

0/Bm 

"r 

“r" 


Average  time  between  overhauls  during  a life  cycle. 

Average  overhaul  labor  cost,  measured  In  new  engine  costs,  actualized. 
Average  overhaul  material  cost.  In  R.E.C.,  actualized. 

Major  repair  rate,  per  op.  hour. 

Average  major  repair  labor  cost  in  N.E.C.,  actualized. 

Average  major  repair  material  cost  in  N.E.C.,  actualized. 


p ■ Average  maintenance  action  rate,  per  op. hour. 

Ml  > Average  maintenance  action  labor  cost  in  N.E.C.  actualized. 

Uiw  > Average  maintenance  action  material  co^t  in  N.E.C.  actualized. 

From  expression  3.2.2.  we  deduce  immediately  that  the  engine  direct  life  cy- 
cle costs  are  proportional  to  the  nominal  military  thrust  so  that,  known  the  thru- 
st to  wei^t  ratio  (see  Appendix  II.),  it  is  easy  to  determine  the  costa  per  unit 
weight  0^  engine  which  is  a parameter  more  adequate  for  evaluation  purposes. 

The  ree  cost  components:  acquisition  cost,  consumptions  cost  and  deteriora- 
tion co.<  3 shall  see  after,  are  of  the  same  order  of  magnitude  and  the  second 
two  are  o.-  -.tly  time  dependent  (proportional). 


3. 3.  EXA>L  .E  OF  COSTS  SHARING  ()F  ACTUAL  TYPICAL  MILITARY  ENGINES  FOR  COMBAT  A/C. 

An  appliance  of  the  preceding  chapter  was  performed  in  the  course  of  the  ac- 
tivity  of  the  W.G.-08  having  obtained  conservative  data  for  the  engines  of  family 
"C".  Analysis  is  developed  on  the  basic  maintenance  scheme  of  fig.  7,  which  is  gi- 
ving a synthetic  picture  of  the  severity  of  effort  for  keeping  an  engine  in  opera- 
tion. In  this  fig.  are  indicated  the  values  of  the  labor  necessary  to  each  type  of 
intervention.  In  fig.  8 is  shown  very  synthetically  the  consumption  of  material  ! 

pertaining  to  each  maintenance  action. 

Answering  to  the  question,  as  much  universal  these  data  are,  it  is  here  to  , 

remember: 

- Some  maintenance  actions,  not  considered  in  fig.  7,  were  neglected:  engine  remo 
vals  due  to  a non  "phasing"  between  engine  and  A/C  maintenance  (av.  28^  of  the” 
total  number  of  removals  considered);  it  was  assumed  that  all  modifications  woik 
was  performed  during  an  engine  atop  (which  is  not  thrue,  because  many  modifica- 
tions are  introduced  expressely);  calendar  and  special  inspections  (performed 

in  the  opportunity  of  special  flight  events  as  muddy  landing,  flight  through  hail  ^ 

storm,  SOAP  inspections  etc...).  | 

- The  engines  populations,  from  which  basical  labor  and  most  of  material  data  for  i 

the  mainten'^nce  actions  considered  in  fig.  7 were  obtained,  were  relatively  young  I 

(ab.  50^  with  an  average  of  270  hrs,  ab.  50^  with  av.age  of  1075  hrs)  with  an  ef-  i 

fective  T.B.O.  of  less  than  350  hrs. 

- Overhaul  and  major  repair  spare  parts  incidence  were  determined,  by  the  W.G.  -08,  , 

[ in  general  for  the  engines  in  table  I.  respectively  in  the  range  of  0,11  +0,15  i 

j and  0,02  ♦ 0,04  of  the  new  engine  cost.  Here  are  kept  the  lower  limits.  i 

I Table  II.  summarizes  the  results  of  overall  deterioration  cost  for  two  lives  of 

i 2000  and  3500  op.  hours,  for  engines  of  family  "C"  (10.000  Ibf  thrat  class).  I 

[ table  II.  I 


DETERIORATION  COSTS  IN  ftE.C. 


LIFE  OF  2000  on. hrs 

LIFE  OF  3500  on. hrs 

LABOR 

MATERIAL 

TOTAL 

LABOR 

MATERIAL 

TOTAL 

OVERHAUL 

0.1836 

0.2200 

0.2754 

0.3300 

MAJOR  REP. 

0.0268 

0.0370 

0.0469 

0.0646 

MAINTENANCE 

0.1863 

0.0850 

0.3157 

0.1488 

TOTAL 

0.3967 

0.3420 

0.7387 

0.6380 

0.5436 

NEW  ENGINE  COST 

0.5000 

0.5000 

1.0000 

0.5000 

0.5000 

1.0000 

Clearly,  from  table  IL,  it  can  be  sentenced  that  direct  deterioration  costs 
are  in  the  order  of  magnitude  of  the  new  engine  cost.  From  these  data,  easy  calcu- 
lations using  the  orientative  data  reported,  permit  to  establish  the  hourly  dete- 
rioration cost  in  the  area  of  about  200  USI/hr. 

In  fig.  9 are  Illustrated  the  direct  life  cycle  coats  in  function  of  time, 
with  fuel  at  normal  cost.  Fig.  10  is  illustrating  same  costs,  with  actual  fuel 
cost. 
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3.4.  OTHER  EFFECTS  OK  LIFE  CYCLE  COSTS. 

Very  briefly  it  can  be  siaied  that  other  effects  can  be  accounted  on  deterio- 
ration costs: 

- k/C  "attrition",  eipecially  during  war-time,  lowers  the  engine  life  cycle:  this 
fact  is  worthy  of  investigation  reconsidering,  perhaps,  the  necessity  of  manufac- 
turing engines  with  very  low  life  cycle  without  overhaul  at  all. 

- Twin  engine  formula  increases  the  new  engines  costa  per  aircraft  (S.  Appendix  II), 
so,  proportionally,  it  is  increased  the  deterioration  cost  at  required  constant 
thrust. 

- "Modular  concept"  is  reducing  the  spare  engines  ratio  s,  due  to  the  higher  average 
T.B.O.  of  modules  and  because  each  module  is  overhauled  and/or  repaired  more  speedl}; 
It  is  even  to  be  expected  a minor  load  (labor  and  material)  of  work  per  unit  equiva- 
lent maintenance  action. 

- Performance  deterioration  is  affecting  total  coats  indirectly  for  two  principal  rea- 
sons: major  average  fuel  consumption;  over-sizing  of  new  engines. 

4.  MAJOR  SYMPTOMS  CAUSING  PREMATURE  ENGINE  WAOVkl  AND  ACCESSORY  REPUCEMSNT. 

4.1.  INTROtitfdTlOH. 

This  matter  needs  much  more  theorisation  in  order  to  establish  exact  terms  of  com 
parison  between  same  engine  type  in  operation  with  different  users  and  between  diffe-~ 
rent  engine  type  and  users  and,  above  all,  in  order  to  obtain  a rational  understanding 
of  what  are  symptoms.  One  important  problem  in  this  respect  is  to  establish  exact  sym- 
ptom levels  of  acceptance  or  rejection.  The  problem  is  that  of  a correct  diagnosis  well 
in  correlation  with  a right  prognosis  able  to  identify  the  primary  causes  of  the  fault 
investigated.  These  problems  are  in  the  present  time  far  from  an  adequate  solution,  ne 
vertheless  in  practical  terms  it  was  possible  to  formulate  the  following  sentences.  ~ 
Numbers  in  brackets  are  indicating  the  minima  and  maxima,  averaged,  of  the  unscheduled 
engine  removals  per  1000  flying  hours  as  a consequence  of  the  symptoms  revealed. 

4.2.  PREMATURELY  RE'/OVED  ENGINES. 

Foreign  object  damage  (F.O.D.  min.  0.25,  max.  1.54)  is,  in  order  of  importance, 
at  the  first  place.  Fuel  and  oil  leakages  occur  quite  often  (min.  0.00,  max.  0.80). 
Substantial  reasons  for  removal  are  cracks,  breakage,  wear  and  tear  (min.  0.00,  max. 
0.80)  for  a wide  variety  pf  parts.  Contamination  of  the  oil  system  is  also  to  be  men- 
tioned (min.  0.00,  max.  0.04). 

Vibration  (min.  0.00,  max.  0.12)  and  stalls  (min.  0.00,  max.  0.24)  occur  practi- 
cally in  every  engine  type  and  family,  however  the  engine  removal  rate  is  as  a rule 
not  very  high- 

Corrosion  appears  to  be  more  a local  climatic  influenced  problem  (min. 0.00,  max. 
0.07). 

Problems  Inherent  to  specific  engines  also  appear.  For  example,  with  reference  to 
table  I.,  on  engine  types  2 and  3,  are  evidenced  broken  rotor  blades  fasteners,  on  en- 
gine types  4, 5, 6, 7,  overheating,  burning  and  failures  in  oil  and  sump  systems  are  ve- 
rified. On  engine  type  8,  some  displacement  and  shaking  on  compressor  parts  occurs;on 
engine  type  11  some  removals  are  due  to  problems  in  the  hot  section. 

4.3.  PREMATURE  ACCESSORY  REPLACEMENT. 

Accessory  problems  are  inevitably  engine  related  problems.  The  comparison  between 
engines  of  different  families  is  practically  impossible.  By  "C"  family  engines,  for  ex, 
the  Temperature  Amplifier  must  most  frequently  be  replaced,  problems  exist  also  with 
the  transfer  gearbox,  the  t^h  igniter  as  wall  with  the  control  alternator. 

The  chief  faults  found  on  accessories  are  in  the  cathegory  of  leakages,  functio- 
nal disturbances,  wear  and  tear. 

4.4.  CONCLUSIONS. 

It  is  necessary  to  establish  on  objective  bases  clear  definitions  for  symptoms, 
studying  each  type  in  detail.  For  ex.F.O.D. , which  is  a symptoms  reported  by  all  users, 
must  be  more  specifically  examined  and  reported  in  order  to  establish  if  it  is  due  to 
bird-strikes,  runway  debris  ingestion,  flying  object  or  a/c  parts  ingestion.  Leakage, 
another  common  fault,  has  to  be  studied  and  classified  per  types,  primary  causes. 

5.  MAJOR  ITEMS  REPLACED  AT  OVERHAUL  . 

In  order  to  fix  the  ten  major  items  which  must  be  replaced  or  restored  during  o- 
verhaul,  two  elements  were  considered; 

- The  replacement  rate  during  0/U. 

- The  coat  of  the  replaced  (restored)  part(sj. 

These  two  factors  were  multiplied  by  each  other  obtaining  so  a figure  establishing 
the  rank  of  Importance  of  the  items. 

Data  pertaining  to  the  engines  in  table  I.  were  collected  by  each  country.  Quali- 
tative examinationand  comparison  of  those  data  revealed: 
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- For  the  same  type  of  engine  not  all  items  but  a part  (from  35  to  50  %)  are  common  to 
other  nations. 

- Some  items  of  the  same  engine  type  are  common  for  several  countries  but  that  type  of 
item  is  not  reported  by  other  nations. 

- Some  major  item  is  just  reported  in  one  country  but  not  in  the  others. 

Reasons  for  those  differences  between  countries  seem  to  be: 

- The  average  age  of  a same  type  of  engine  is  different  from  country  to  country  and  ma- 
jor items  list  changes  with  engine  total  time. 

- Engine  configuration  standard  is  different  from  country  to  country. 

- Missions  and  environmental  conditions  are  not  identical, 

- Maintenance  philosophies  may  differ  with  the  organisation.  (For  ei.  parts  which  are 
scrapped  instead  to  be  repaired  due  to  high  level  of  parts  in  stock). 

- Lack  of  realistic  statistics  especially  established  to  meet  the  exact  definition  of 
major  item  (material  .and  labor  cost  time  replacement  rate). 

- Different  origin  of  manufacture  for  parts. 

In  spite  of  this  dispersion  of  concepts  we  can  assume  tentatively  that  the  following 
are  the  major  items  which  are  replaced  at  overhaul  with  the  main  rea 

son  for  change.  ~ 

a.  Compressor  stator  wanes  and  rotor  blades  for  corrosion,  affecting  engine  performan- 
ces. 

b.  Compressor  casings  in  light  alloy  for  corrosion  and/or  distorsion. 

c.  Compressor  discs  for  fatigue  cracks. 

d.  Light  alloy  engine  front-frame  for  cracks  and  corrosion. 

e.  Combustion  chambers  for  deterioration.  (Bums  in  liners,  some  metal  pieces  can  de- 
teriorate heavily  the  turbine K 

f.  Turbine  nozzles  for  cracks  and  distorsion. 

g.  Turbine  blades,  especially  of  the  first  stage,  for  corrosion,  bums  and  cracks. 

h.  light  alloy  gear  boxes,  especially  transfer  gearbox,  for  distorsion,  cracks  and 
leaks. 

i.  Afterburner  section  for  bums.  (Liners,  flameholders,  cold  and  hot  flaps). 

j.  Spray-bars  for  distorsion  and  cracks. 

These  parts  are  mostly  common  to  all  types  of  engines  examined  and  exist  already 
since  a long  time,  but  no  permanent  fix  has  been  set  up  to  now,  despite  of  cooperation 
between  users  and  manufacturers. 

6,  DESIGN  CONCEPTS  AND  RELATION  TO  PERFORMANCE  DETERIORAT^N. 

All  engines  currently  in  active  service  were  initially  designed  to  providesa  sub- 
stantial performance  improvement  over  their  predecessor.  Improved  performance  was 
sou^t  through  increases  in  temperatures,  pressure  ratio,  mass  flow  and  reducing  wei^t 
of  component  parts.  Inherent  within  this  process  was  effort  to  permit  higher  allowable 
stress  levels  at  elevated  temperature. 

These  advances  inherently  brought  increase  in  engine  complexity  and  cost  particu- 
larly as  efforts  were  made  to  optimize  engines  for  multiple  applications  or  multi-mis- 
sion roles.  It  is  perhaps  to  believe  that  increased  part  lives  and  reliability  were  all 
too  often  sacrificed,  at  least  partially,  in  an  effort  to  achieve  the  ambitious  goals 
sought  in  terms  of  performance.  In  order  to  achieve  high  mass  flows  and  efficiency  ad- 
vanced airfoils  were  developed  which  were  generally  thinner  and  which  were  more  sensi- 
tive to  the  effects  of  erosion.  Lightweight  materials  such  as  aluminum  and  magnesium 
are  sensitive  to  corrosion  even  with  coatings  developed  to  prolong  their  life.  Succes- 
sful engine  programs  have  been  followed  by  even  more  advanced  versions  of  engines  of 
higher  performance.  In  the  majority  of  instances,  higher  turbine  temperature  was  used 
in  achieving  the  advanced  ratings  required  for  derivative  aircraft. 

Performance  deterioration  results  from;  a)  wear  in  seal  areas,  b)  distortion  of 
aerodynamic  shapes,  (l.e.  turbine  nozzle  bowing),  changes  in  airfoil  surface  conditions 
(roughness  and  shape)  as  the  result  of  corrosion  or  erosion,  the  restoration  practices 
used  for  parts  to  prolong  their  service  life,  and  the  increased  clearances  or  accepta- 
ble mechanical  parts  standards  allowed  in  the  overhaul  and  repair  manuals  over  those 
set  for  production  engines.  Therefore,  some  level  of  performance  deterioration  will  al- 
ways be  present  in  engines  after  usage  as  a matter  of  both  policy  and  desi^i.  Current 
qualification  specifications  permit  an  acceptable  level  of  performance  deterioration 
after  type  test  (150  hour  qualification  test). 

Reasonable  engineering  judgement  suggests  that  performance  deterioration  related 
problems  will  increase  in  the  future  from  a combination  of  factors.  The  limited  budget 
faced  by  the  military  services  will  probably  produce  the  necessity  for  the  reduction  in 
operating  and  support  costs.  The  extension  of  engine  parts  life  through  refurbishment 
and  more  limited  depth  of  engine  restoration  are  strong  cost  savings  candidates.  Advan- 
ced derivative  engines  currently  in  service  indicate  that  the  rate  of  replacement  of 
hot  section  parts  is  very  high  and  at  an  entirely  unsatisfactory  level.  Even  more  tech- 
nologically advanced  engines  may  encounter  the  same  problems  with  immaturity,  hi^  re- 
jDoval  rates  and  high  maintenance  costs,  until  modifications  can  bring  them  to  a reaso- 
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nable  lerel  of  maturity.  Continued  monitoring  will  be  required  by  all  military  aerricea 
to  Inaure  that  a)  more  definitire  performance  information  ia  collected  and  analyzed,  b) 
appropriate  policy  rerlaiona  are  accompllahed  and  c)  that  proper  tradeoffa  are  made  bet 
ween  initial  performance  and  long  term  performance  Including  maintenance  and  reliabili- 
ty coata. 

7.  TT^m  WHY  COMTOIESTS  IX)/I)0  NOT  DETERIORATE  FASTER. 

Perfoimance  deterioration  ia  not  currently  a problem  of  aignificant  magnitude  be- 
cause of  the  following  factors: 

a)  Mechanical  problems  are  limiting  the  life  of  hot  section  parts  to  such  an  extent  as 
to  cause  their  replacement  at  relatively  frequent  Intervals. 

Example:  Replacement  of  combustion  chambers  and  first  turbine  nozzle  guide  vanes  and 
blades  completely  at  200  to  400  hour  intervals. 

b)  Significant  compressor  deterioration  has  been  delayed  by  the  necessity  of  replacing 
compressor  stator  assemblies  due  to  corrosion  and  fatigue  cracking. 

c)  Hew  engines  are  oversized  so  that  maximum  performances,  even  trou^  deterioration, 
are  maintained  during  the  life  cycle  at  an  acceptable  level. 

If  parts  lives  were  longer  the  potential  for  greater  performance  deterioration  would 
exist.  There  are  some  indications  that  erosion  and  corrosion  of  compressor  blades  is 
now  reducing  compressor  flow  capacity. 

Each  engine  will  develop  a unique  deterioration  history.  Careful  study  of  both  pr 
formance  and  parts  consumption/refurbishment  data  is  necessary  to  understand  each  en-” 
gine's  performance  deterioration  problem  . The  study  of  what  is  not  done  by  maintenan- 
ce organizations  is  of  equal  Importance  to  what  is  done  when  attempting  to  determine 
the  component(s)  responsible  for  observed  deterioration. 

8.  IDENTIFY  FEATURES  TO  BE  ENCOURAGED  TO  OVERCOME  PERPX3RMANCE  DETERIORATION. 

The  following  features  will  help  to  reduce  performance  deterioration: 

During  Design 

a)  Avoid  tlie  use  of  materials  in  gas  path  parts  that  are  sensitive  to  corrosion. 

b)  Avoid  placing  inlets  close  to  the  ground  or  in  positions  where  they  can  collect  ero 
sive  material  thrown  up  by  landing  gear. 

c)  Design  with  realistic  seal  clearances  that  can  be  maintained  in  operation. 

d)  Consider  coating  for  surface  protection. 

During  Maintenance 

a)  Provide  tooling  to  overhaul  facilities  in  sufficient  quantity  and  of  high  accuracy 
with  which  to  measure  critical  clearances,  flow  areas,  and  engine  performance. 

b)  Provide  proper  instruction  concerning  the  rework  of  compressor  airfoils  and  suffi- 
cient tooling  to  allow  control  of  leading  edge  shape. 

c)  Provide  instructions  concerning  chord  loss  restrictions  and  detailed  tools  for  choc 

king  chord  lengths.  ~ 

d)  Establish  realistic  part  performance  lives  (as  distinct  from  mechanical  lives)  and 
periodically  review  part  usage  to  insure  that  parts  are  not  being  used  beyond  these 
lives. 

e)  Attempt  to  design  more  conservative  airfoils  particularly  turbine  which  are  less 
sensitive  to  adverse  temperature  patterns  and  are  inherently  more  repairable. 

9.  PERTORjlANCE  AND  CONDITION  MONITORING 

fhe  objective  of  a well  run  engine  maintenance  program  should  be  to  keep  the  en- 
gine out  of  the  shop/repair  activity  for  as  long  as  economically  practical.  Pre  repair 
testing  of  runnable  engines  would  be  helpful  in  identifying  performance  associated  pro 
blems  that  could  be  handled  during  the  repair  and  prevent  subsequent  test  stand  rejec- 
tion. Future  engines  should  provide  means  for  extensive  non-destructive  inspection 
such  as  borescope,  radioisotope,  eddy  current,  etc.,  and  for  component  instrumentation 
during  ground  running.  Hand  recorded  performance  information  would  behelpful  in  moni- 
toring performance  changes  and  potential  faults  during  operation  but  probably  go  bey- 
ond a reasonable  level  of  work  load  for  single  pilot  aircraft. 

Recording  equipment  for  engine  and  other  aircraft  subsystems  performance  monitor 
ing  would  be  helpful  only  as  long  as  the  equipment  were  accurate  and  trained  personnel 
were  available  to  monitor  the  results.  This  type  of  data  would  be  most  helpful  in  de- 
termining how  engines  are  actually  used. 

10.  COLLUSIONS 

'*feiglne  deterioration  in  service"  covers  the  aspect  of  maintenance  related  to  the 
original  design  of  the  engine  with  the  aim  to  achieve  the  best  compromise  in  term  of 
cost-effectiveness  between  cost  of  the  maintenance,  coat  of  acquisition  and  operative 
cost. 

Maintenance  produces  performance  restoration,  reliability  and  life  regeneration 
with  some  extent  of  costs. 

The  actual  study  tries  to  summarise  in  the  following  sentences  the  major  common 


aspect  that  were  individuated  with  sufficient  credibility, 

1)  The  cost  of  fighter  engine  maintenance  are  dominated  by  foreign  object  damage,  cor- 
rosion of  parts  and  poor  endurance  (lives)  of  parts,  and  further  by  the  cost  for 
maintaining  engine  performances. 

The  cost  of  engine  maintenance  over  the  operational  life  of  the  engine  is  approii- 
mately  e-^ual  to  the  cost  of  acquisition. 

2)  It  is  anticipated  that  future  improvements  in  materials  will  be  used  to  obtain  hi- 
gher performance  and  not  reduced  maintenance  cost  or  improve  engine  reliability  un- 
less the  adverse  impact  of  poor  reliability  and  high  maintenance  cost  are  more  ful- 
ly explored  and  proper  trade  offs  defined. 

3)  Many  of  the  major  problems  exhibited  in  particular  engines  have  exibited  themselves 
for  long  periods  and  through  several  models  of  the  same  engine  type.  This  would  ap- 
pear to  suggest  less  than  full  attention  has  been  given  to  solving  these  problems 
by  both  users  and  manufacturers. 

4)  The  engines  studied  exhibited  modest  level  of  performance  deterioration  which  is  not 
of  major  concern.  The  level  of  deterioration  is  controlled  by  the  frequent  replace- 
ment of  hot  section  and  compressor  parts  replacement  togheter  with  an  inherent  over- 
siiing  of  the  engine  which  is  pa,  d with  the  acquisition  cost  of  the  engine. 

5)  There  is  a feeling  that  the  pass  off  test  performance  checks  do  not  adequately  ad- 
dress significant  aircraft  operating  power  settings  and  that  significant  deteriora- 
tion may  go  unnoticed  as  a result. 

6)  Some  tradeoffs  between  retaining  performance  and  need  for  lowering  maintenance  cost 
may  need  to  be  considered  in  the  future,  taking  in  account  that  the  cost  of  acquisi- 
tion, the  coat  of  maintenance  and  the  cost  of  fuel  seem  to  concur  with  the  same  or- 
der of  relevance  in  the  total  life  cycle  cost  of  the  engine. 
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APPENDIX  I. 

NOTES  ON  COT^RELATI6n  F03MULAS  OF  PARAGRAP!!  2. 
a)  FOa^ULAS  2.1..  2.2..  Z.3.,  ZA.- 

Datfl  at  hand  were  not  sufficient  to  give  a significant  determination  coefficient 
with  a normal  correlation  method.  It  was  necessary  to  consider  the  "wei^t"  of  each 
generic  couple  of  data  as  follows. 

It  is  given  a set  of  performance  parameters  Pj  (f.e.  as  percent  of  the  nominal 
value),  measured  at  the  operational  time  t^,  each  couple  Pi  ti  being  the  average  of  a 
sample  of  N^  distinct  individuals.  Taking  Nj  as  the  "weight  of  each  couple  i and  hav- 
ing pre-investigated  that  the  correlation  law  is  most  probably  linear,  we  have: 

TOTAL  VAI^I  ITTON:  F = X ("P,- i 1^,= 

t-H; 

RESIDUAL  '/ARIATION:  a-t-t;)  Hi 

Following  the  usual  "least  squares  method": 


fail 


Thus,  solving  the  linear  system:  ^ 


Tin;  <-  ^ > 

fsi  iTisi  5s  I 


we  have  the  coefficients  a and  b,  so  we  can  calculate: 
DETERMINATION  COEFFICIENT 


CORRELA'^ION  COEFFICIENT 


b)  FORmA  2.5.- 

This  formula  was  obtained  using  a normal  correlation  method  for  a power  surface 
fit.  Therefore  each  triplet  i of  corresponding  values  was  considered  having  the  same 
"weinght"  N^  = 1.- 


AFPENDIX  II. 

THRUST  TO  TTEIGHT  RATIO  FOR  "PURE  JET"  C07BAT  A/C  ENGINES. 

In  ref.  7 (pp.  132,  139,  110)  it  is  proposed  the  following  expression  of  depen- 
dence of  !f  from  T,  referred  to  miscellaneous  turbojets,  with  and  without  afterburner, 
deduced  theoretically: 

A.E.I 

where : 

W = weight  in  pounds. 

T = thrust,  military,  in  pounds. 

a = technological  positive  coefficient  taking  accounts,  for  small  engines,  of  the  ef- 
fects of  low  Reynolds  numbers,  minimam  thicknesses  for  corrosion,  etc. 
b = positive  coefficient. 

Using  data  of  ref.  3,  which  covers  most  of  the  engines  of  the  world,  the  following 
"natural"  correlations  were  obtained: 


Year  1950  (30  engines) 

Year  1960/61  (78  engines) 
Year  1970  (52  engines) 


W * 0.34465  X T 


■,V  = 0.0435^ 
W = 0.03759 


X T 
X T' 


,l.oZh0o 

■t  ii*8^ 


(r  - 0.4849)  A-II. 2. 
(r  = 0.7912)A.n.3. 
(r  = 0.8509)A.II.4. 


Seeking  in  second  approximation,  with  a more  detailed  specialisation  (separating 
for  years' '60/61  and  '70  the  jet  engines  with  afterburner  from  those  without): 

1950  (30  eng.)  without  A/B 

n = -1089  + 0.67435,.  T (r*  - 0.6480)  AJI. 5. 

1960/61  (22  eng.)  with  A/B 

■/f  « 173  -f  0.32574,.  T (r*  = 0.7937) A-H. 6. 
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1960/61  (56  eng.)  without  A/B 

W = - 10?  + 0.23062k  T {r'  = 0.8652)>S.II.7. 

19?0  (19  eng.)  with  A/B 

ff  . 748  + 0.23764^  T (r*=  0.9195) A-II. 8. 

1970  (33  eng.)  without  A/B 

- - 368  + 0. 29900k  T (A  0.3906)  A.II. 9. 

Plotting  the  curves  on  graphs,  it  is  easy  to  recognize  the  following  fact: 

- Curve  II. 1.,  which  was  proposed  in  the  fifties,  is  well  fitting  values  of  engines  of 
that  age. 

- In  the  fifties,  there  was  no  sufficient  general  manufacturing  experience  (low  deter- 
minat'On  coefficient). 

- In  the  sixties  and  seventies,  experience  is  well  improved  (higher  determination  coef- 
ficients). 

- Engines  technology  is  improving  with  time  in  two  respects:  bigger  engines  manufactu- 
red and  minor  weight  required  for  the  same  thrust. 

- The  practical  law,  weight  versus  thrust,  is  linear. 
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I DISCUSSION 

r 

R.Smyth 

Has  the  analysis  of  instrumentation  data  been  used  to  monitor  performance  and  deterioration  between  shop  visits? 
Author’s  Reply 

The  question  of  data  assessment  is  the  focal  point  of  our  work.  We  experienced  great  difficulties  when  analysing 
I the  data  because  of  their  lack  of  homogeneity.  The  point  you  are  addressing  might  be  answered  in  the  future. 

[ Present  day  efforts  are  concerned  with  flexible  operation  demand  and  according  to  this  work  with  operational 

availability  of  engines. 

E.E.Covert 

I would  like  to  offer  a comment,  if  I may,  that  would  help  perhaps  bring  some  of  these  things  into  perspective. 

I There  is  a long  time  between  the  decision  to  make  an  engine  and  when  the  engine  first  goes  into  service.  There  is 

j a long  time  after  the  engine  is  in  service  until  one  develops  reliable  statistics  on  its  performance  and  reliability, 

j Consequently  from  one  view-point  we  are  always  looking  on  a moving  target,  because  as  we  get  better  technology, 

f we  know  better  ways  of  handling  the  engine  maintenance  problem.  And  so  sometimes  these  studies  are  dealing 

I with  engine  maintenance  procedures  which  evolved  within  a decade  or  more  in  the  past. 

J So  it  is  well  to  remember  that  there  is  a very  large  time  constant  associated  with  this. 

P.Chetail 

We  have  much  appreciated  the  tentative  formulation  of  thrust  deterioration  with  operating  time  developed  for 
straight  jet  engines.  How  would  it  apply  to  large  by-pass  ratio  engines? 

NOTE:  Our  experience  seems  to  indicate  that  the  deterioration  rates  for  those  engines  (JT9D-7  or  CF6-50)  are 
larger  than  for  earlier  engine  models  (Dart,  Avon,  JT4,  JT3D). 

Author’s  Reply 

Our  statistics  covered  three  turbofan  (ref.  Table  I)  with  low  by-pass  ratio.  For  high  dilution  engines  it  is  reasonable 
to  think  that  correlation  formulas  should  exhibit  the  same  trends  with  proper  deterioration  parameters. 
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METHOOES  DE  MAINTENANCE  POUR 
AMEUORER  LA  RABIUTE  DES  PROPULSEURS 

pu 


Ueuteoaot-Colooel  CUude  S P R U N G 
Dtrecdoo  ceotrAle  du  mAtdriel  de  I'armde  de  Tair 
26.  boulevard  Victor  - 75996  PARIS  ARMEES 


RESUME  - 


1 - Point  des  dtudei  et  mdthodet  de  maintenance  utilitdet  dam  l'Arm6e  de  I'aU. 


2 ‘ Etudes  envitageablei  d^  la  conception  du  propulseur  pour  augmenter  Tefflcacltd  de  ces  mdthodet  et  par  U m6me  augmenier  la 
fiablliid  des  moteurt. 

O - INTRODUCTION  - 

La  part  du  budget  consacrte  & l*entretien  des  maidrlels  ne  cesie  de  croDre  au  point  de  reprdsenter  un  pourceniage  ir^  Important  de 
la  valeur  du  pare  de  matdriels  opdratioimels. 


maintenance. 


L*  Armde  de  Tail  se  doitdoned'enamdUorer  la  ^entabilitd*  par  une  augmentation  de  leur  longdvitd  et  une  reduction  des  charges  de 


Le  concept  de  "maintenance  selon  £tat"  par  opposldoo  I celui  de  "maintenance  preventive"  a commence  i se  preclier  au  corns  des 
anodes  1965*1966.  A cette  epoque.  nous  en  edons  encore  au  stade  philoiophique  pulsqull  n'existait  pradquement  aucun  moyen  technique  ou  si  peu 
pom  mettre  en  oeuvre  let  methodes  correspoodantes. 

* La  difficulte  de  cetm  evoludon  ne  doit  pat  dtre  sous-esdmee. 

AujourdTtul  encore,  la  sdcurlte  des  volt,  louci  permanent  de  tout  let  echelons  de  la  hierarchie  n*a  pas  permit  d*abandonner  totalemeot 
k concept  de  "maintenance  prevendve”  base  sur  : 

* des  vides  periodiquet  suivant  un  cyck  bien  demrmine, 

- des  limltes  de  fbnedonnement. 

* des  remises  en  etat  systemadques. 

L'lnnovadon  conslste  ft  supprlmer  ces  viiites  periodiquet  et  ces  remises  en  etat  systemadques  en  assurani  la  securite  par  un  conirdk 
plus  ou  molm  condnu  du  moteur  en  fboettoonement  en  vol  ou  au  soL 

Si  ks  moyens  emptoyds  soot  sufftsamment  efftcaces,  on  economise  ainii  toute  une  terie  de  deposes  et  de  demontages  systemadques 
tout  en  asturant  une  sdeuritd  des  vols  plus  ^ande  pulsque  la  molndre  anomalie  est  ddteetde  ft  sa  nalssance  et  non  ft  roccasioo  d’une  periodicitd  qui 
risque,  dans  un  cas  ^ave.  de  ne  jamais  dtre  atteinie. 

Nous  possddons  aujorndTiui  une  batterie  de  moyens  dont  certains  sont  generalises  et  largement  udlises  et  d*autres  oh  rArmde  de  Talr 
est  encme  tret  dmide,  bien  que  k blen-  Rmde  du  moyen  de  maintenance  en  cause  ait  ete  demontre  en  laboratoire. 

Let  moyem  ks  plus  largement  udlises  sont  ks  suivants  : 

• Specirometrk  des  hulks. 

- Analyms  des  pardcuks  rndtalliques. 

- Analytes  des  vibradom  des  reacteurs. 

• Endoacopie, 

- Ultrasom. 

- Gammagraphie. 

k vals  trds  rapidemeot  passer  en  revue  ces  differenti  moyens.  vous  faire  un  bilan  qul  sera  cres  superflciel  compte  lenu  du  lemps  dont 
)e  dispoae.  mais  je  suit  pret  ft  rdpootke  ft  vos  quesdons  ft  ITssue  de  IVxpose. 

PREMIE  IS  PARTS 

1 -SPECTROMETRIE  DES  HUIIES  - 

1. 1 - Polidque  dkmplot  des  specttomfetes  - 

Les  bases  aerieones  sont  repardes  sur  tout  k territolre.  Des  deux  soludons  extremes  sont  posslbks  : valatt-U  mleux  avoir  un  leui 
laboratoire  specialise  ou  au  convaire  plutieurs  laboratolres  iosuliees  ft  la  llmlte  sur  chaque  base  ? 

A)  Soludon  "laboratoire  cennal" 
a)  - Avantages 

•mellkt**  ttdlisadon  du  personnel  specialise  et  du  materiel. 

- prix  de  revleot  du  materiel  moini  6kve  pour  l^nsembk  de  TArmde  de  I'air. 

- quallte  des  reaultats  theorlquement  mellkme. 
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b)  ■ Inconvgnients 

- Ddlais  beaucoups  plus  longs  pour  I'obtention  des  r^sultatt  dui  surtout  i rachemineinem  des  6chantlllons  d*huile. 

' servitudes  engendrtes  par  I'envoi  des  dchantiUons  d*huile  que  ce  soit  par  le  service  des  posies  ou  par  des  moyens  ocganiques 
de  TArmte  de  I'air. 

B)  Solution  ’‘laboratoire  sur  les  bases  adriennes" 

' Avanuges 

-d^lals  d'obiention  t^suUats  d*analyse  o&s  courts, 

- r^chantillon  peut  €ire  i la  limite  achemin6  jutqu'au  laboratoire,  en  cas  d'legence,  par  le  :i)6canicien  qui  a fait  le 
pr^ldvenient. 

- la  capacity  de  mesures  des  appareils  n'a  plus  besoin  d'etre  Cr^s  ^lev€e.  L’auiomatisation  pouside,  indispensable  dans  le  cas 
pr^c^ent.  n'est  plus  ndcessaire.  Les  appareils  soni  plus  simples  done  moins  cbets. 

b)  - Inconvgnients 

- n6cessii6  de  mettre  en  place  auptfes  de  chaque  laboratoire  le  personnel  qualifld  qui  doit  <tre  instruit  sur  ce  type  de  materiel, 

- surveillance  de  la  quality  des  mesures  est  d'autant  plus  delicate  qu‘il  y a plus  d'appareils  en  service. 

L'Armte  de  Talr  a choisi  la  deuxi^me  solution. 

ll  fallait  par  ailleurs  choisir  des  appareils  dont  Temploi  est  relativement  simple  : le  choix  s'esi  pcrt€  sur  le  speciroin^tre  k emission. 

La  spectrometxie  i absorption  atomique  a et6  abandonnee  parce  qu’elle  reclame  d*une  part  du  personnel  tres  specialise  qu'il  aurait 
fallu  instruire  et  entretenir  du  point  de  vue  qualification  et  d'autre  part  des  laboratoires  plus  eiabores  done  plus  chers  et  dont  la  cadence  d'analyses 
d*echantlllons  est  Dop  faible. 

1.  2 - Resultau  obtenus  - 

A titre  experimental,  ceite  methode  a ete  utlUsee  I partir  de  1968  sur  des  moteurs  dont  la  technologle  n'etait  pas  du  tout  adapter. 
Encore  aujourd'hui,  les  moteurs  sixveilies  par  analyse  spectrometrique  des  huiles  sent  loin  de  cette  technologle  ideale. 

En  particulier,  1^  graissage  i huile  perdue  des  paliers  entrainant  une  consomination  d'huile  importante  a necessite  la  mise  au  point 
d*un  systeme  analytique  permettant  la  detection  de  tres  faihles  teneurs  en  metaux  et  de  trouver  un  parametre  repM'esentatif  de  l*usure  : la  vitesse  de 
pollution. 

Ce  parametre  est  evidemment  fonction  de  ; 

- la  consomination  horaire  en  huile, 

- nombre  de  codipiemencs  de  pleins  d'huile, 

• temp*  de  foncUonnemeni  du  moteur  cntie  deux  pteievemcnts  d'echantillon. 

- la  concentration  en  particules  (p.  p.  m)  de  deux  echantillons  successifs. 

Cette  mAthode  a permis  de  supprimer  de  nombreux  conirOles  de  la  chafne  cinemadque  et  est  concretise  par  un  guide  de  pannes,  pour 
chaque  type  de  moteur,  introduit  dans  le  manuel  de  maintenance. 

Les  resultats  obtenus  sur  le  dernier  echandllonnage  de  materiels  montrent  que  la  methode  est  encore  perfectible. 

Le  poiacentage  de  materiels  deposes  sur  anomalies  consiatees  par  A.  S.  H.  (1),  mais  qui,  au  demontage,  ne  revdlent  aucun  defaut  est 

encore  ffop  eieve. 

Par  contre,  aucun  materiel  envoyd  chez  le  reparaieur  n'a  presentd  des  defauts  qui  auraient  pu  dire  deirctes  par  A.  S.  H. 

Aussi.  la  sdeurite  des  vols  est  Men  assurde,  mail  rArmde  de  Tair  toit  s'attacher  i rdduire  si  non  supprimer  ces  retuurs  injuttifiet. 

Les  causes  rdelles  de  ces  etreurs  ne  sent  pas  encore  connuei  avec  precision  mais  11  est  apparu  recemment  que  I'huile  neuve,  contenait 
au  depart  des  particules  metalliques  et  cela  est  malheureuse:nent  loiere  par  la  norme. 

Deux  actions  sent  possibles  : 

- tenter  de  supprimer  ces  particules  parasites  i la  fabrication.  II  apparait  dejd  difficile  sinon  impossible  d^tre  aussi  intolerant. 

- il  faudra  done  s'assurcr  que  les  lots  de  fabrication  loient  homogdnes  et  soieni  bien  sur  idenunes. 

II  exiite  une  autre  cause,  e’est  la  mesure  de  la  consomination  horaire  d'huile. 

Les  etudes  ont  montre  que  la  (vecision  avec  laquelle  11  etait  necessalre  de  donner  la  consommatlon  horaire  etalt  le  dixidme  de  litre 

par  heure. 

L'expeiience  montre  que  cette  precision  est  trds  difficile  a obtenir  avec  let  moyens  dont  nous  ditposons,  en  piste,  pour  faire  les  pleins. 

Nous  recherchons  tou)outs  ce  moyen  precis,  ruitlque  et  facilement  uiiUuble  dans  le  cadre  de  la  mise  en  oeuvre  d*un  avion  de  combat. 

La  forrnule  de  calcul  de  la  vitesse  de  pollution  montre  en  effet  que  toute  augmentation  irtificielle  du  facteur  *q*,  toutes  cltotes  dgales 
par  ailleurs.  auginente  la  valeiv  du  rdsultat  final. 


(1)  A.S.  H.  : Sigle  slgnlftant  analyse  spectrometrique  de  l^ulle. 
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Ut  m6c&nicieQ»  oot  une  tendaoce  i afflcher  tme  coosommatioa  lupdrieure  k U coniomm«tloa  rtelJe.  C*eit  aiml  que  pomalt 
s'expliquer.  aujourdliui,  lesretours  Lajuidflds  de  mat^lei. 

n lerait  dvidemment  9t$  intdreianc  de  comparer  ce»  chiffres  avec  ceux  obienus  par  d*autrei  Armdei  de  l*alr  ou  Compaeolei 

Civile*. 


2 - ANALYSE  DE  P^fmCULES  METALUQUES  - 

Ed  compUment  de  Tanalyie  d^uUe,  Ilexamen  des  ddpots  mdulUquei  recueiUls  i»  ki  filtrei  ou  «iv  ka  bouchofu  magodtlquea 
procure  des  iadlcatlortt  tuc  k type  d'avarie  loup^onde. 

Certaioes  dd^adadom  non  percepdbkt  pat  I'A.  S.  H.  ou  d’auiret  mdthodes,  et  lidea  k dea  phdoomdaei  de  fatigue  k sont  par  cet 

examen. 


Pour  certalm  moteurs  en  aervice,  tel  k turbofvopulaetr  TYNE»  un  caulogue  Bda  compkt  dea  difffirenaea  pvdcuka  poatibka  exiaie. 

Cette  mddiode  exige  du  peraonnel  trda  qualifld.  et  oVat  (xadquement  poasibk  que  loraque  la  malnteoaoce  eat  vda  ceotraliade  au 
oiveau  de  TArmte  de  I'ait,  lYddal  dunt  atteinc  dana  k caa  d'  uo  aeul  atelier  de  rdviaioo  pour  le  pkc  d*ua  type  de  moKw. 

U eat  poasibk  biea  aui  de  palUer  cet  inconvdnieat  en  expddiant  ka  pardcuka  recueilliet  k uo  labcratoire  ddpeodaot  de  lloduaBkl. 
mais  cela  alourdit  coasiddrabkmeot  la  pcocddute, 

3 - SURVEILLANCE  DES  VIBRATIONS  D MOTE  UR  - 

En  maddre  de  surveillance  vibratoire.  on  distingue  deux  domaioes  trda  dlffdreao  : 

• k signal  *tiora  tout*  filird.  qui  eat  une  surveillance  du  niveau  global  de  la  vlbradon  due  etaendellement  aux  b^urda  dea  moblka, 

- I'analyse  vibratoire  qui  permet  de  ddtecter  certainea  anomalies  et  avarka  mdcaniques  k p«dr  des  composaotes  de  signal  "bora  tout* 
non  fllffd. 

3. 1 - Surve  ilia  pee  *hora  tout*  - 

Le  niveau  du  signal  *hora  tour*est  reprdsentaclf  de  la  tranqullUtd  de  marche  durdacteur. 

Cette  surveillance  nbst  utilisde  qu*i  la  aorde  du  rdacteur  de  rdviaioo  gdodcak  et  permet  de  mesurer  la  composaoK  vibratoire  due  i uo 
balourd  du  mobik.  Elk  eat  abandooode  daoi  TArmde  de  I'air  au  profit  de  la  mdihode  suivame. 

3. 2 - Surveillance  par  analyse  vibratoire  - 

Cette  surveillance  qui  est  pradqude  au  niveau  des  unitds  devrait  permettre  de  ddtermloer  I'dtat  mdcanique  des  organes  internes  du 

rdacteur. 


Pour  ce  faire.  on  udlise  k signal  vibratoire  foiaoi  pat  k capteur,  mais  au  lieu  de  s'anacher  seulement  au  niveau  global  de  ce  signal, 
comme  dans  la  ttvveillance  "hers  tout*,  on  k ddcompoae  et  on  analyse  m»  composanies. 

Cecl  n*est  devenu  possibk  que  par  lYnvoducdon  rdceote  aw  k marchd  induairiel.  de  captetet  i crUtal  pidao-dkctrlque  k bautea 

performances. 


L'analyae  du  spectre  sbffectue  sur  let  deux  fonedons  ; viiesae  efflcace  et  accdldradon. 

La  ddcompoiidon  du  signal  vitesse  dans  ks  basses  frequences  autoriie  une  surveillance  drcHie  des  paliers  et  dveotueUement  d'auBes 

ddfauts. . 


L'analyse  du  signal  accdldradon  vers  ksiiautea  frequences  permet  de  auivre  ks  pidoes  townaotes  ddlivrant  peu  d'doergie  vibratoire 
mais  posiddant  des  vitesses  angulaires  dkvdes.  Cela  coocerna  plus  prdciaemmeot  : 

- I'albage  du  comfresseur  et  de  la  turbine, 

- la  ptgoonnerk  de  la  chaise  clndmadque, 

* ks  accessoiies. 

Cette  surveillance  a dtd  gdndralisde  sur  un  pare  de  motews  d*un  mdme  type  (ATAR9C). 

SI  ks  rdsuluti  encotrageanta  ddjd  obienua  ae  confirment,  la  mdthode  sera  dsendue  k d*auires  moteivs  en  aervice  et  turiout  adapiie 
dds  kta  mlse  en  service  aur  ka  moteiat  nouveaux. 

3. 3  - Point  d*avancement  - 

A ce  jots.  U mdthode  est  conoddade  pour  k rdactew  ATAR9C  par  rexlaience  d'un  guide  de  dgnaturea  de  panes. 

Ce  guide  repose  sir  IVxploltadoQ  d*un  signal  vlbratolreUsu  du  carttf  dborde  et  dont  k fralkmem  a dtd  effecoid  : 

- en  vltesae  de  0 I 500  Ha  (unitd  : cm/S) 

- en  accdldradon  de  0 A 20. 000  Ha  (unitd  : g) 

II  faui  noier  qu*au‘deU  de  5000  Ha  ks  tignaux  o'oot  qubne  vakur  quaUtadve  (k  diagaotilc  est  effectud  itr  U prdteace  ou  V^muot 
d*un  ordre  sans  tenir  compte  de  son  Intenaitd). 

Les  itgnaux  dolvent  cerrespontke  k des  atfreiaes  clndmadques  conues. 


3-4 


En  effe(,  chaque  micAnitme  du  tdacteur  et^^endre  det  vibrations  qui  lont  catact^r isdet  par  leur  frequence. 

- Un  balourd  du  rotor  engendrera  une  puUadon  par  tour  du  rotor,  done  se  rnanifeiiera  lur  la  frequence  de  la  vifette  de  rotation  (N>. 

‘ Un  engrenage  ayant  *0*  dents  et  lid  diroctement  au  rotor  donnera  "n*  pulsations  par  tour  de  rotor  et  t«  manifestera  par  une  fre- 
quence n X N.  On  dit  que  cette  vibration  est  sur  I'ordre  n. 

- Au  niveau  des  aubages.  il  y a de  falbles  intensitds  vitvatoires  correspondam  aux  variations  progressives  des  quandtes  de  mouveiiient 
dans  les  tuydres  constitudes  par  les  aubes  fixes  et  mobiles. 

Si  les  triangles  des  vitesses  sont  corrects  rdcoulement  des  filets  fiuides  a Ueu  en  harmonie  avec  le  profll  des  tuydtes  sans  cboc 
adrodyna  nique  important. 

Par  contre,  toute  anomalle  dans  le  pcofil  des  aubes  (impacts,  ruptures. , . ) entraine  une  modification  des  triangles  des  viwtses  : 11  y 
a alors  cnocs  sur  les  aubages  sains  suivants  autant  de  fois  que  I'dtage  possdde  d'aubes. 

Pour  les  vibrations  d*un  ordre  n qui  n'ont  qu'une  seule  origine,  les  accdldrations  oni  en  gdndral  un  niveau  de  1,  5 g. 

Pour  les  vibrations  d'un  ordre  donnd  qui  peuvent  avoir  plusieurs  origines  (une  roue  mobile  de  compresseur  qui  a un  nombre  d'aubes 
dgal  au  no.nt^e  de  dents  d'en  engrenage  de  la  ebafne  cind  natique)  le  niveau  est  sensibleincni  plus  dlevd  ; 3 a 4 g. 

Ainsi,  au  guide  de  pannes,  on  voU  par  example,  que  ; 

- tout  ddfaut  a un  dtage  mobile  sera  ddteetd  sur  la  grille  lixe  suivante  et  invetsement. 

- pour  discrirniner  un  ddfaut  d'aubes  de  celui  d’engrenage  il  faut  faire  appel  a I'analyse  de  I'huile  ou  de  particules. 


4 - L'ENDOSCOPIE  - 

L'endoscopie,  compee-tenu  des  progrds  imrnenses  rdalisds  ces  dernidres  anndes,  reprend  de  I’intdrdt. 

* les  orifices  ndeessaires  peuvent  dtre  trds  pedts  ; quelques  millimdtres  de  diamdtre. 

- la  luminosiid  des  appareils  est  bien  rneilleure  que  celle  connue  il  y a une  dizaine  d'anndes. 

' les  fibres  opdques  permettent  la  rdalisation  d'endoscopes  souples. 

- et  enfin  le  matdriel  est  simple  et  contraireineni  aux  mdthodes  prdeddemment  exposdes,  I'endoscopie  ne  ndeessite  pas  de  traitement. 

J'ouvre  une  petite  parcnihdse  : cc  point  est  trds  important.  T^ds  souvent  des  mdthodes  de  maintenance  selon  dtai  dchoue  parce  qu'elle 
dernande  une  infrastructure  pour  le  traitement  imporunte,  qui  n’est  pas  mlse  en  place  parce  que  irop  chdre. 

Sur  le  rdacteur  ATAR9K50,  qui  vous  est  prdsentd  six  ces  diapositives,  I'endoscopie  a trouvd  sa  premidre  utilisation  globale  : erdation 
de  2 orifices  sur  le  carter  compresseur  et  de  5 dans  la  ctiambce  de  combustion. 

Par  ailleurs  la  visualisation  d llntdrieur  d'une  enceinte  est  devenue  d'une  telle  neitetd  qu*il  est  possible  de  comparer  un  dtat  par 
rapport  i un  autre  : par  exemple  I'usure  de  cannelures  internes  avec  un  endoscope  d rdticule  gradud. 

Le  principe  est  simple  : un  rdticule  gradud  est  incorpord  dans  I'optique  d'un  endoscope  classique.  La  comparaison  des  largeurs  de 
lommct  de  dents  comptdes  en  graduations  cntrc  les  flancs  ttavaillants  (qui  s*uient)  et  les  flancs  non  travaiUants  (qui  resient  neufi)  donne  exactement  le 
degrd  d'usure  ci  permet  une  inter prdtation  de  I'usixe  (par  exemple  phdnomfene  de  rotulage  rdiultant  d'un  ddfaut  d'aligtttment). 

Dans  des  cas  bien  prdcii,  le  manuel  de  maintenance  du  rdacteur  donne  directement  le  nombre  minimal  de  graduations  admissibles 
sur  la  partie  usde  de  la  dent. 

Bien  que  la  mdthode  soft  uoiverselle.  il  ne  faut  pas  perdre  de  vue  que  chaque  rdticule  doit  dtre  adaptd  aux  dimensions  des  cannelures. 
Les  nouvelles  performances  des  endoscopes  permettent  dgalement  rassoclation  d'une  chaine  de  idldvision. 

L'intdrdt  est  rapidemeni  apparu  ddi  quH  s'agit  du  contrOle  d'un  nombre  dHmages  xxt%  imporunt, 

Ainsi  le  contrOle  du  compressetir  de  TATAR  9K50  oti  Topdrateur  doit  examiner  prds  de  250  aubes  en  quatre  positions  de  pdndtration  de 
Tendoscope,  soit  1000  images  est  fait  avec  moins  de  fatigue  et  plus  de  siretd. 

Void  deux  rdalisations,  poiv  Tlnstant  ) Tdtat  prototype,  qui  seront  utilisdei  dans  TArmde  de  Tair. 

5 - METHODES  PIVERSES  POUR  DETERMINER  L'ETAT  DES  MOTEURS  QUE  L'ARMEE  DE  L'AIR  UTILISE  SUIVANT  BESOIN  - 
5. 1 - ContrOle  par  ultra-sons  - 

L'emplol  des  ondei  ultraioncres  permet  la  ddiection  det  discontinuitds  internes  ou  luperficielles  dam  les  lolidet. 

La  mdthode  udUie  la  rdflexion  d'une  impulsion  ultrasonore  tie  la  dUconcinuitd, 

La  rdflexion  ett  maxlmale  sur  la  sdparatlon  toUde  * air  *.  e'est  la  cas  d'une  crique. 

Dam  le  cas  d'une  Inclusion  soUde.  le  facieur  de  rdflexion  eit  fortement  influened  par  la  nature  de  llncluslon  et  du  miUeu  dam  lequel 

elk  se  irouve. 


Bleo  adaptde,  U mdthode  est  soupk  et  reladvemeni  faclk  Ji  mettre  en  oeuvre. 
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Les  prioclpAlei  applicatloiii  de  U mdthode  «ir  ks  moteuri  dam  I'Armde  de  I'alr  oat  €U  lea  uilvaatea  : 

- Recherche  des  crlques  de  fadgue  %\x  kt  pales  de  d M.  1. 

- Recherche  de  crlques  sw  iajecseur  ATAR  101. 

* Recherche  de  criques  darn  let  ditques  de  compeesaeur  sam  ddpoae  des  aubagei. 

Cette  rechmche  ae  pratique  sur  tous  ks  rdecieuri  ATAR  9 ou  101. 

5. 2 - Gammagraphk  - 

U gammagraphie  ett  ud  procddd  de  coairOk  de  type  radlo^aphique  doat  k rayotmemeat  pcovkat  d*UDB  source  radioactive. 

Ces  sources  soat  ea  gda^al  des  isotopes  artiftcieb  tel  que  k cobalt  60  ou  IVidium  192. 

LTaotope  dmei  dam  touiet  ki  direcdoos  uo  rayooneoient  *gamma*  qui  traverse  la  pltee  k convokr  et  Impreisiotiiie  un  film  pboto- 
^aphique  ea  doaoant  ua  contraste  foocdoa  des  variadom  d'dpaUseut.  de  la  presence  d'uoe  crique,  d'une  toot  ddformde.  maaquaoie  ou  uade. 

Lb  film  ddveloppd,  oa  obdent  sur  k ndgadf  Tlmage  des  ddfauts  recherchds. 

La  gammagraphie  n‘est  pas  lystdmadquement  udlisde  eo  maioteoaoce. 

Elk  a eu  uoe  applicadoa  sur  ^aode  dchelk  pour  contrdkr  lei  mdlangeurt  de  tdacseur  ATAR9K50  et  rtchercher  des  criques  sir  ks 
ouDei  de  retoidlssemeat. 

Cette  opdradoa  a permu  d*acqudrlr  uoe  bonne  expdrleoce  du  conadk  gammagraphique  ea  metuntea  evidence  ses  avanuges  teb  que 
rapidltd,  tlmpllcitd  de  rdalisadon  et  d'exploitadoo  et  ses  cootraineei  telki  que  la  durde  de  vk  limltde  de  la  source  et  les  (rdcaudoas  k preotke  krs  des 
drs. 


radons  > 


Volli  la  batterie  de  moyeos  de  malntenaoce  doot  nous  dlsposoni.  Queb  soot  ks  pro^pds  eavisageabks  et  comment  orieoter  ks  amdlio- 


On  coQstate  qu'aucuoe  mdthode  est  uoe  panacde  k elk  leuk.  mail  que  I'emplol  de  l^osembk  de  ces  moyeos  pourralt  peut-dire 
permetire  uo  suivl  leioo  dtat  sam  ddmonuge. 

Euat  donnd  la  compkxitd  croluante  des  rdacteurs,  ki  comiructeurs  doivent  s’organiier  pour  pemer  'maiatenabiUtd*  du  moteir,  k 
savolr  son  apdtude  k la  maiateoanee. 

Ua  effect  certain  a dtd  fait  ces  deiolkes  aondes.  mab  qui  oe  me  parait  pas  sufftsant  du  moim  pour  les  mottirs  miUuires. 

11  est  dvident  qu*une  coUabaadon  dtroiie  dolt  s 'dublir  entre  k comtrucieur  et  r*utlliuieur  afin  que  k mat^kl  solt  coo^u  et  rdallsd 
en  tenant  compte  de  too  enitetieQ  futur  pour  dvltet  des  ducdes  d'lmmobiUsaUon  pom  techeiche  de  pame  et  remise  en  dtat  locompadbles  avec  uoe  udll- 
sadon  opdSadoniielk  et  dconomique. 

Ekux  ^andes  voles  sont  possibks  : 

- amdliorer  ks  moyem  de  maintenance. 

- et.  turtout,  concevoii  ks  rdacteurs  pour  ks  remke  plus  aptes  k cette  maintenance. 

Que  peut-on  envlsager  dam  cheque  domalne  ? 

1 • SPECTROMETRIE  DES  HUILES  - 

Aflo  de  mkux  localiser  une  avarie  dventuelle  par  analyse  spectromdtrique.  une  dtude  a dtd  mende  sir  uo  rdacteir  ATAR  101  sur  kquel 
one  dtd  udlisds  des  "traceurs*. 

Elk  a combtd  k menre  en  place  divers  revdtements  au  alveau  des  portdes  de  roulements  sur  cheque  ensembk  afln  de  disdoguer  sam 
amblgultd  roriglne  d'une  uiure.  <kt  dtdemayds  Targentage.  k culvrage.  k ctvomage  et  k cobaliage. 

Le  moieir  test  malheireuaement  oe  skit  pas  usd  aussi  bkn  en  vol  qu'au  sol  et  de  ce  felt  Ikxpdrknce  o'e  pu  evoir  au)oird*hul  une 
conclusloo  farmelk. 

Lkcude  est  cependent  poirsulvk  et  11  est  envlsagd  de  metre  eo  place  cerulm  dldmeoii  aaceirs  au  coirs  des  opdradom  de  rdparadon. 
Cetie  dtude,  tl  elk  aboudt,  aurait  des  applications  vda  iotdresuoies  dam  k cadre  de  la  malnknance  modulalre. 

On  dviieralt  aiml  de  reovoyer  uo  moieir  cornet  eo  rdvlsioa.  Seul  k moduk  coooerod  k lerelt. 

Dem  ce  mtme  ca<ke.  le  SNECMA  e ddji  rdetisd  un  euve  moyeo  pour  dlacrlmioer  k moduk  ddfaiUeou 

Us  points  de  prdldvemeots  d*huik  pour  eoalyie  font  speclfiques  d'un  moduk  et  sont  regroupde  I un  endroit  accetilbk,  k rdeckir 

dtant  avlonnd. 


A plus  loQg  terme.  on  peut  imeglner  un  moyeo  de  renite  renelyie  spectromdtrique  plus  senslbk  en  eugmeotem  locakmeot.  A poedbk 
eu  point  de  prdldvement  de  I'dchentilloa.  la  conoeniratloa  eo  p.  p.  m. 
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2 - ANALYSE  DES  PARTICULES  METAIUQUES  - 

Afin  d aindlioret  U capution  des  paiticulei  aide  inieuxenlocaUser  la  ptovenance,  la  SNECMA  a diji  mis  au  poini  un  "piSge  i 
pardcules".  Ce  dernier  est  consUiud  d'un  barreau  almantd  entourd  partlelleineni  d'une  mile  fllnanie  lecueiUant  les  parUcules  non  magndUques. 

Les  rdiultau  soni  nds  encourageano  malt  ce  aystdme  ne  pourra  due  momd  que  sur  les  moieiis  nouveaux. 

Par  ailleurs,  11  esi  ddji  passible  et  cela  esi  rdalisd  en  labcraioire,  d'analyser  les  alUages  composant  ces  parUcules  au  rnoyen  d'une 
cellule  a lumineicence  caihodlque.  adapuble  aux  spectromdtres. 

3 ■ analyse  DU  SPECTRE  VIBRATOIRE  DES  MOTEURS  - 

L'ensemble  des  bruiis  dmis  par  les  divers  organes  du  moieur  se  ptopage  d'une  faqon  hdtdrogdne  dans  lea  carters. 

Lea  bruin  sont  perqus  dans  divers  points  avec  un  amortisseinent  variable. 

Pour  I'ATARSC.  11  a dtd  ddmontrd  qne  le  capteur  placd  sur  le  carter  d'adn..sslon  petcevait  mus  les  signaux  d'une  manidre  accepu- 
b]e.  mail  cetie  maoidfe  de  proc^der  n^tt  pas  id^ale.  ^ 

Sia  les  motems  nouveaux.  les  emplacemcnis  doivem  ewe  choisis  en  fonciion  dc  la  richesse  du  signal  finiis  par  les  organes  a surveiller. 

Plusieurs  capteurs  dans  ces  conditions  seraient  n^cessaires.  La  m6thodc  de  surveillance  y gagncraii  en  precision  et  facility  de 

traitemeot. 

4 - ENDOSCQPIE  - 

Des  progr^  torn  encore  possible  dans  ce  domaine  ^galement. 

Sur  les  moteurs  nouveaux.  les  niveaux  de  temp^ature  dcvant  turbine  et  par  voie  dc  consequence  six  touies  les  "parties  chaudes"  sont 
plus  eieves.  Ce  faitcntrainc  la  nfeessite  de  disposer  d*un  moyen  pour  detccter  les  defauis  ties  fins  difacilemenr  decelables  A I’ocil  nu. 

Dam  ce  cas.  seul  1 examen  par  rcssuage  fluorescent  sous  lumiSre  ultravioieite  est  suffisanitiicni  perfbrinant  pour  atteindre  cct  objectif, 

Un  dispositif  inspire  de  Tendoscopie  peut  eire  uUliseen  deux  phases  : la  premiere  desdnee  A la  preparadon  des  pieces  et  rinjecdon 
des  produits  de  ressuage,  la  seconde  pour  I'examen  sous  lumiere  ultraviolette. 

5 • ULTRA  SONS  - 

U miniaiurisadon  des  capteurs  devraii  pcrrneitre  A I'avenir  d'execuicr  les  contrdles  sans  demontage  en  udUsant  les  oriaccs  prevus 

pour  I'endoscopie. 

II  est  possible  de  fabriquer  aujourd’hui  des  capteurs  dont  les  dimensions  sont  tres  faibles  (3  i 4 mm  de  cdt6). 

PEUXIEME  P ARTIE 

MAIS  COMMENT  ET  OpAND  UTILISER  CES  MOYENS  jUDlCIEUSEMENT  ? 

Auioud*hui,  on  decide  d'udUser  icl  ou  tel  moyen  au  moment  oQ  on  decouvtc  pour  la  Ire  fois  un  defaut,  en  essayant  de  I'adaptcr  Ic 
mieux  possible  A la  vchnologie  du  moteui,  ce  qul  n’est  pas  toujours  facile. 

Peut-on  prevoir  les  pannes  ci  avaries  et  definir  dans  le  meme  temps  un  moyen  de  surveillance  ? 

Oui,  en  effectuani  unc  analyse  de  la  totalite  de  la  maintenance  en  precisant  qu’cUe  comprend  : 

la  mile  en  oeuvre  de  Tavion,  En  effet,  parallSlcmcnt  aux  operations  de  pleins  (carburani,  huile)  des  operations  de  surveillance 
peuvent  etre  effectuees. 

• les  operations  d’entretien  periodiques  ou  de  reparations  faites  au  niveau  des  forces. 

• les  operations  de  revision  generate  ou  de  grosses  reparations  e ffectuees  chez  les  industriels. 

11  csi  bien  evident  que  toute  modification  sur  une  des  phases  de  la  maintenance  a des  repercussions  sur  les  autres. 

Quels  sont  tes  different!  chapiires  de  cette  analyse  ? 

1 - ANALYSE  DE  LA  USTE  DES  ORGANES  ET  DES  FONCTIONS  - 

L'eiabUncment  de  cette  Uite  est  indispensable  pour  debuter  Tanalyse  de  la  maintenance. 

Le  but  de  cette  Uste  est  de  degager  les  organes,  peut-etre  Icurs  composants,  dom  il  faudra  sixveilter  retai. 

La  Uste  dtant  etabUe.  il  faut  en  faire  trois  paquets  : 

■ 1**  organes  qui  peuvent  etre  lurvc  tlies  et  meme  changes  pendant  la  mile  en  oeuvre. 

■ ceuK  qui  peuvent  eire  regenerei  au  niveau  des  ateUers  dans  tes  forces  compie-tenu  des  moyens  qui  leront  mis  en  place.  La  decision 
dolt  decouler  d'une  etude  puremeni  dconoinique. 

ceux  q*u  ne  peuvent  etre  traites  qu'au  niveau  Industrie!  pour  tes  memes  raisons  econoiniques  du  cas  precedent. 

En  regard  de  criaque  organe  ou  composant,  figure  ta  forKdon.  It  est  cn  effet  indispensable  de  connaitre  la  fbnetion  deterioree  afin 
d'ap[»ecier  lYmportance  d'une  panne  et  I'urilite  quYl  y a 1 y parer.  Inverieineni  la  connaissance  des  fonciionseii  indispensable  A la  recherche  des  pannes 
puitqu’une  panne  a pour  comequence  la  cessation  d'une  fonction. 
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2  ■ ITTUDE  PES  PANNES  - 
2. 1 - Panne  tfl^menulfe  - 


C'esi  U panne  de  I'otgane  ou  <fun  de  ses  eompoMnia.  Elle  conduit  au  niveau  de  la  foncdon  ccrreapondante  i une  panne  globale. 
Eli  face  de  cheque  panne  dldmentalce,  on  doit  uouvet  : 

- la  signaUsation  uiile  au  pilote  ou  au  mdcaniclen. 

- la  mdthode  de  d«teciion  ou  mieua  de  la  tendance  k la  panne, 

- le  moyen  k employer  pour  ceiie  detection, 

- le  moyen  de  U coetiget.  11  est  impotuni  d'diudiet  dam  ce  cas  racceaiblUM  en  fonctlon  du  uux  de  pannei. 


2.2  - Panne  globale 


Ce  genre  de  panne  eri  trba  important  puisqu'elle  touche  au*  foncdona  prdponddrantes  du  moteur  et  par  voie  de  conidquence  de  ravton. 
La  liite  des  panner  globalei  dfcoulent  de  celle  des  panms  iiementaiiea, 

De  cette  analyse  doit  ddcouler  : 

- let  pannes  les  plus  graves,  celles  qu'ilfaui  savoir  privoir. 

- pour  une  panne  donnde  un  cUriement  der  organei  par  ordre  de  respomabiUtd  porsible. 

com^»o^‘*'  ^ ^ globaux  qui  permet  de  descendre  au  niveau  de  1-org.ne  ou  d’un  de  aea 

3 - LES  FONCTIONS  CACHEES  - 

Ce  sent  celler  dont  la  panne  n'est  par  lignalde  direciement  ou  indirectement  au  pilote. 

Deux  typer  de  foncttonrcachdes  peuvent  ette  mis  en  Evidence  : 

a)  Type  Tedondanf 

ulob^raL*.*"'’  T Il>  ont  chacun  une  function  cachde,  si  I'un  asntre  la  foncUon 

globale  alotr  que  1 auae  est  en  panne.  On  ne  voit  pas  la  panne  de  I'un  si  I’autre  fonctionne. 

b)  Type  *occasicnnel" 

emploi.  ce  qui  est  fort  gdnant,  surtout  pomTe's Xid'u  n'»PP">is*n>  Qu'au  moment  de  leia 

C'est  le  type  mdrae  de  fonctlon  qu'il  faudta  couvrir  d'une  tache  de  maintenance  programmde. 

4 - SyNTIgSE_DES  gStJLTATS  OBTENUS  PAR  L 'ANALYSE  OBJET  DES  TROIS  PARAQRAPHES  PIgCEDENTS  - 

A la  Umite.  seuls  les  otgane,  ou  composants  ayant  une  function  cachde  doivent  fair*  I'obKt  d'une  opdration  de  mainmnance  programmde. 
Pour  les  aulrej  organer  on  ne  doitretenir  que  les  opftaUom  susceptlbles  de  prdservet  ou  de  resuurer  leurs  caractdrisUques. 

Le  cholx  de  ces  opftaUons  est  ues  important  puisqu'il  condiaonne  la  durde  et  la  frdquence  des  indi.ponibiUtds  du  matdrieL 
CVst  I'expdrience  qui  dolt  guides  ce  cholx,  puisqu'au  moment  d'en  ddcidet,  la  phase  de  ddveloppement  reste  peu  significattve. 

coup,  qui  a d.abtxd"r:d"r ’di'dr’ ::r r ;:;:iTrm7irjn::.^‘’“'‘'"  “ 


aujourd*htti. 


Sam  expuclmr  enddrement  ce  schdma.  on  volt  que  la  question  n*  2 appelle  un  ceruin  nomhre  de  moyem  que  nous  ne  possddons  pas 
ActueUement.  les  disposltift  ddcelant  les  tendances  aux  pannes  sont  en  effet  peu  nombteu*. 


hulles.  et  J'analyse^  vlL'a'dlr  ''  ""e*  g-  >•—7-  .pecnomdnique  de. 

ixogrammdes  ou  de'^a^^m  t fonluln^^^r'"  ‘ « '“P****- 


I 
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La  frequence  de  ces  operations  ou  les  limites  ne  peuvent  resulter  que  d’dtudes  statlidques  qui  ne  tiennent  pas  compie  evidernment 
de  ruUlisation  individuelle  de  chaque  organe. 

Cette  inesure  dolt  eire  considdree  comnie  un  pis  aller,  car  elle  entralne  des  pertes  de  potendel  loin  d'etre  ndgUgeables. 

Donner,  par  exemple,  une  limite  de  foncdonnentent  en  heures  k une  turbine  est  aujourd'hul  la  seule  solution  que  nous  ayons  pour 
preserver  la  securite  des  vols.  11  faudrait  developper,  et  cela  exlste  deji  mais  k I'etat  einbryonnaire,  des  moyens  de  mesurer  d'aussl  pres  que  possible  le  < 

vieilUssement  reel  d'une  turbine.  | 

Je  me  suis  etendu  sur  I’eiaboration  de  la  maintenance  preventive  car  c'est  elle  qui  gr^ve  le  plus  les  codes  de  la  maintenance  et 
entralne  des  gaspillages  qui  peuvent  eae  reduits  si  non  supprirnes  k court  teriiie.  ; 

Ceci  ne  veut  pas  dire  que  la  maintenance  corrective  doit  etre  negligee  au  moment  de  la  conception. 

L'analyse  precedenie  cherchait  k prevenir  et  detecter  les  pannes. 

Maintenant  il  s'agit  de  les  corriger. 

II  faut  done  : 

- faire  un  diagnostic,  done  inettre  k la  disposition  des  uUUsateurs  des  moyeru  de  recherche  qui  peuvent  etre  les  rndmes  que  ceux 
deia  cues. 

■ acceder  a I'crgane  defaillant,  le  deposer,  le  reposer  et  reinettre  en  condition  le  moteur.  L'accessibilite  ddcoule  de  la  conceptiOD 
ine^ne  du  moteur. 

- et  enfin  contrdler  la  bonne  execution  de  Toperation  et  verifier  I'ensemble  des  reglages. 

Ct^NCLUSlON 

/e  vous  at  fait  le  point  de  ce  dont  nous  disposions  k ce  jour  et  de  ce  que  raisonnablerneni,  on  peut  esperer  avoir  daru  un  proche  avenir. 

Mats  pour  les  moteurs  nouveaux  le  plus  important  est  d’avoir  un  plan  de  travail  pour  prevoir  la  maintenance  k la  cotKepdon  afln 
d'eviier  les  gaspillages  en  materiel  et  en  main  d'oeuvre  que  nous  avons  connus  et  que  rwus  sublssons  encore. 

Si  les  consaucieurs  avec  les  utilisateurs  s’attachent  k repondre  aux  questions  posees  par  la  rndthode  MSG2.  la  *maintenabilite''  des 
reacteirs  fiera  de  grands  pas. 
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CIVIL  AIRWORTHINESS  REQUIREMENTS  FOR  POWERPLANT  RELIABILITY 

by 

John  Slatford 
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Power  Plant  Department 
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Airworthiness  Division 
Brabazon  House 
Redhill 

Surrey  RHl  ISQ 


SUMMARY 


The  airworthiness  aim  for  a civil  aero-engine  is  that  under  all  likely  flight  conditions  it  will 
perform  adequately  or,  if  it  fails,  then  the  rate  of  failure  and  type  of  failure  is  not  such  as  to  hazard 
the  safety  of  the  aircraft. 


It  has  been  generally  accepted  that  aircraft  design  should  be  aimed  at  a catastrophic  failure  rate 
for  all  airworthiness  causes  not  exceeding  a probability  in  the  order  of  10“*^  per  aircraft  hour  and  from 
this  it  has  been  concluded  that  the  airworthiness  limit  for  major  engine  failures  should  be  that  no 
individual  failure  of  an  engine  that  could  be  potentially  hazardous  to  an  aeroplane  should  be  predicted  to 


occur  more  frequently  than  once  in  10°  engine  hours. 


For  lesser  failures  that  only  result  in  an  engine  shut-down,  an  in-flight  shut-down  rate  in  the  order 
of  10“**  appears  to  be  acceptable. 


Service  defects  and  in-flight  shut-down  rates  must  be  monitored  to  ensure  that  an  acceptable  overall 
level  of  reliability  is  being  maintained. 


INTRODUCTION 

Reliability  means  many  things  to  many  people.  To  the  pilot,  powerplant  reliability  means  he  expects 
to  get  the  right  power  at  the  right  time  whenever  he  moves  the  power  lever  and  the  engine  will  then 
continue  to  function  correctly  throughout  the  flight,  whilst  the  airline  operator  may  be  more  interested 
in  the  economics  of  premature  removals,  flight  delays,  etc. 

The  Airworthiness  Authorities  must,  of  course,  keep  all  these  considerations  in  mind,  but  their  over- 
riding consideration  must  always  be  related  to  the  safety  of  the  aircraft  and  its  occupants.  Thus  our 
view  of  powerplant  reliability  can  be  summarised  into  three  objectives. 

1 Any  failures  of  an  engine  that  could  hazard  the  aeroplane  must  be  kept  to  an  absolute  minimum. 

2 Loss  of  thrust  in  flight  must  not  reduce  the  total  thrust  available  to  the  aircraft  to  such  an 
extent  that  the  flight  cannot  be  completed  safely. 

3 A normally  operating  engine  must  provide  the  thrust  necessary  for  the  aircraft  to  meet  its 
scheduled  performance  and  respond  quickly  and  accurately  to  the  demands  of  the  pilot. 

This  Paper  will  consider  each  of  these  objectives  and  in  the  case  of  the  first  two  attempt  to  indicate 
the  levels  of  reliability  that  it  is  hoped  will  be  achieved. 

HAZARDOUS  FAILURES 

Over  the  years  airworthiness  targets  have  gradually  been  formulated  that  appear  to  be  acceptable  to 
the  public  on  the  one  hand  and  can  be  achieved  on  the  engineering  side  within  the  bounds  of  economic 
feasibility.  Obviously  the  aim  must  always  be  to  avoid  catastrophic  accidents  altogether,  but  since 
absolute  zero  is  unobtainable,  it  is  more  helpful  when  assessing  the  acceptability  of  a complex  system  to 
have  a finite  limit  in  mind  and  in  the  UK  it  has  been  generally  accepted  that  aircraft  design  should  be 
aimed  at  a catastrophic  failure  rate  for  all  airworthiness  causes  not  exceeding  a probability  in  the 
order  of  10”'  per  aircraft  hour  or  flight. 

Various  surveys  of  aircraft  accidents  over  recent  years  indicate  that  broadly  speaking  engineering 
causes  can  be  broken  down  into  three  major  design  areas,  namely,  structures  (main  structure  and  under- 
carriage), systems  (hydraulics,  brakes,  instruments,  controls,  etc),  and  powerplant,  and  each  area 
contributes  roughly  one-third  to  the  accident  rate.  Therefore,  strictly  speaking,  to  arrive  at  our 
minimum  level  for  powerplanc  reliability,  we  should  divide  the  overall  limit  by  three,  but  since  there  is 
always  a degree  of  overlap  between  these  areas,  and  in  any  case,  it  is  unlikely  that  only  the  bare 
minimum  will  be  achieved  in  each  area  on  any  one  aircraft  design,  it  is  considered  that  the  objective 
will  be  achieved  provided  the  aim  for  each  major  design  area  does  not  exceed  10”^  per  aircraft  hour. 

Further  analysis  of  past  accidents  show  that  about  80%  of  the  powerplant  caused  accidents  can  be 
attributable  to  the  basic  engine,  the  remainder  being  due  to  fuel  supply  failures,  cowlings  and  other 
installational  items.  The  aim  for  individual  engine  failures  can  then  be  assessed  as  follows. 

Aircraft  design  limit  for  airworthiness 

catastrophic  failures  (all  powerplant  reasons) 
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Proportion  for  basic  engine  (four-fifths  of 

the  total  powerplant  risk)  8 x 10  ° (engine  caused  catastrophe 

per  aircraft  hour) 

Proportion  for  each  engine  (assuming  4 engines  _g 

per  aircraft)  2 x 10  (engine  caused  catastrophe 

per  engine  hour) 

At  this  point,  we  must  pause  and  remember  that  in  the  early  stages  of  engine  design  when  the 
designer  is  attempting  to  assess  whether  his  design  will  meet  the  required  limit,  it  is  quite  possible 
that  the  types  of  aircraft  in  which  the  engine  may  be  installed  will  not  be  known.  Certainly  precise 
details  of  the  installation  will  not  be  known.  So  whereas  the  designer  can  judge  that  certain  events,  eg 
serious  non-containment,  would  be  hazardous  to  the  aircraft,  he  could  not  say  with  any  certainty  that  it 
would  be  catastrophic.  We  are  fortunately,  for  our  peace  of  mind,  dealing  with  small  numbers  when 
considering  catastrophic  accidents  so  that  statistics  are  not  nfuch  help,  but  we  believe  there  is  some 
justification  for  a broad  assumption  that  only  one  hazardous  failure  in  ten  is  likely  to  prove 
catastrophic  to  the  aircraft.  A further  assumption  is  that  there  are  about  ten  different  failure  modes 
which  could  produce  hazardous  effects.  There  are  probably  only  three  or  four  types  of  engine  failure 
likely  to  hazard  an  aircraft,  namely,  significant  non-containment  of  engine  debris,  fire,  production  of 
unacceptable  toxic  products  and  serious  loss  of  engine  control,  eg  inadvertent  reversal  of  thrust,  but 
there  could  be  several  modes  of  failure  leading  to  any  of  these  results.  For  example,  failure  of  a disc 
could  be  initiated  by  overspeeding  due  to  control  system  or  shaft  failure,  or  overheating  due  to  cooling 
air  failure. 

So  to  continue  with  our  arithmetic:- 

Assuming  that  of  every  10  hazardous  failures, 

one  will  become  catastrophic  2 x 10  (engine  hazardous  failures 

per  engine  hour) 

Assuming  10  different  failure  modes  which  can  _g 

produce  a hazardous  failure  x 10  (engine  hazardous  failures 

per  engine  hour). 

Since  there  will  almost  certainly  be  failures  not  envisaged  when  carrying  out  a failure  analysis, 
it  seems  reasonable  that  the  aim  should  be  that  no  hazardous  failure  of  an  engine  from  any  individual 
failure  mode  should  be  predicted  to  occur  more  frequently  than  one  in  10®  engine  hours  and  this  is  so 
stated  in  the  British  Civil  Airworthiness  Requirements.  It  should  perhaps  be  added  that  the  requirements 
also  recognise  that  in  dealing  with  probabilities  of  this  lower  order  of  magnitude,  absolute  proof  is  not 
possible  and  some  reliance  must  be  placed  on  engineering  judgement  and  previous  experience  combined  with 
a sound  design  and  test  philosophy. 

LOSS  OF  THRUST  IN  FLIGHT 

It  is  a basic  requirement  for  any  multi-engined  civil  aircraft  that  it  must  have  acceptable 
performance  with  one  engine  inoperative.  However,  this  cannot  necessarily  be  extended  to  more  than  one 
engine  for  obvious  reasons  if  the  particular  aircraft  under  consideration  happens  to  be  twin-engined.  So 
when  considering  the  required  powerplant  reliability  target  under  this  heading,  it  is  the  probability  of 
having  to  shut  down  more  than  one  engine  on  any  one  flight  that  must  be  explored  and  since  the  twin  is 
typically  the  most  vulnerable,  it  is  the  target  for  this  type  of  aircraft  that  is  considered  in  this 
paper. 

>r  double  engine  failure  is  - 

_ n (n-1)  _2  .2 

- — p t 

= the  probability  of  2 engines  having  failed 

= the  number  of  engines  installed  in  the  aircraft 
= the  probability  of  engine  failure/engine  hour 
= intended  flight  duration 
= 22 

p t for  a twin  engine  aircraft 
2 2 

= P t if  the  aircraft  returns  to  base  following  the  first 
2 shutdown. 

This  now  has  to  be  modified  further  to  take  account  of  variations  in  flight  procedure  and  variations 
of  predicted  probeibility  over  varying  flight  lengths.  In  addition  there  is  perhaps  a natural  reluctance 
of  a pilot  to  shut  down  a second  engine  and  there  is  always  the  possibility  that  a shut-down  engine  can 
be  relit.  Consequently  we  have  seen  fit  to  introduce  a * failure/shut-down  * ratio,  r,  to  modify  the 
actual  in-flight  shut-down  rate. 

The  following  assumptions  based  as  far  as  possible  on  available  evidence,  have  therefore  been  made:- 

1 (a)  If  the  flight  duration  is  one  hour  or  less  the  aircraft  will  carry  on  to  its  destination. 

(b)  For  flights  between  1 and  3 hours,  the  aircraft  is  assumed  to  turn  back  if  engine  shut- 
down ocqurs  before  the  half-way  point. 

(c)  Flights  over  3 hours  are  required  to  have  a diversionary  airfield  within  ij  hours 
following  the  first  shut-down  (ie  have  a mean  time  of  flight  after  failure  of  3/4  hour). 


The  basic  simplified  formula  fo 

‘’2 

where  P. 


and  this  reduces  to 
or 


2 The  failure/shut-dovm  ratio 


3 The  in-flight  shut-down  probability,  p,  is  the  overall  predicted  rate  applicable  to  a 2 hour 
flight.  For  a one-hour  flight  it  is  factored  by  1.3,  for  a 3 hour  flight  it  is  factored  by  0.9 


Using  these  assumptions 


<1.3  prt) 

0. 5(prt)^ 

0.5(0. 9 prt)^ 

2(0.9  pr)^  X 0.75  x 4 
2(0.9  pr)^  X 0.75  x 5 


For  a 1 hr  flight,  P, 


and  the  results  for  various  values  of  p are  given  in  Fig  1 


In«flight  •hut-dovB 
rat«/1000  bra 


z flight  duration) 


INTBUMD  FLIGHT  XMTRATIOH  • HOURS 


Probability  of  complete  power  loss  in  twin-engined  aeroplane 
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Bearing  in  mind  our  conclusions  on  overall  airworthiness  limits,  it  seems  reasonable  that  the 
predicted  probability  of  a fatal  accident  due  to  a power  loss  resulting  from  independent  engine  failures 
should  not  exceed  10'®  per  hour  of  flight.  Consequently  it  can  be  seen  from  Fig  1 that  the  probability 
oi  engine  failure  per  1000  hours  should  lie  between  0.1  and  0.2,  ie  around  10“**  per  engine  hour,  in  order 
to  achieve  an  acceptable  level  of  airworthiness. 

OVLRALL  RFLIABILITY 

The  significance  of  overall  powerplant  reliability  in  terms  of  adequate  engine  performance  and 
response  at  ail  times  is  more  difficult  to  pinpoint  than  the  two  preceding  objectives  because  there  should 
be  no  hazard  to  the  aircraft  unless  deterioration  had  been  overlooked  to  such  an  extent  that  all  engines 
were  affected.  Nevertheless,  correct  engine  performance  and  response  is  important  for  the  safety  of  the 
aircraft  as  even  minor  engine  misbehaviour  could  increase  the  workload  of  the  pilot,  not  to  mention  the 
effects  on  his  nervous  system,  and  this  in  itself  could  be  contributory  to  an  accident.  However,  in  this 
case,  the  Airworthiness  Authorities  do  not  attempt  to  define  a numerical  limit  but  rely  on  design 
requirements  applied  at  the  time  of  engine  certification  followed  by  controlled  maintenance  once  the 
engine  goes  into  service.  I am  sure  there  are  people  here  far  more  expert  than  I am  in  the  field  of 
maintenance  so  I do  not  intend  to  dwell  very  long  on  that  particular  subject.  The  old  concept  of  a 
fixed  overhaul  period  is  rapidly  giving  way  to  maintenance  as  and  when  required,  but  it  must  be  pointed 
out  that  the  latter  does  require  fairly  sophisticated  bookkeeping  and  may  not  be  suitable  for  small 
operators.  In  any  case  critical  parts,  ie  those  parts  the  failure  of  which  could  hazard  the  aeroplane, 
will  continue  to  require  special  attention  and  in  most  cases  this  will  take  the  form  of  a fixed  life. 

The  majority  of  engines  in  service  have  some  form  of  thrust  measurement  indicated  on  the  flight 
deck  so  monitoring  engine  performance  is  no  problem.  Various  ways  of  engine  health  monitoring  have  been 
proposed  and  are  used  in  service,  but  generally  these  have  more  impact  on  the  economy  of  operation 
rather  than  airworthiness.  All  the  Airworthiness  Authorities  can  do  is  to  try  to  keep  abreast  of  the 
various  ideas  and  ensure  by  monitoring  service  defects  and  failures  that  an  acceptable  level  of 
airworthiness  is  being  maintained. 

CONCLUSION 

Airworthiness  is  not  a static  art  and  must  always  take  account  of  changes  in  the  aviation  world  and 
consequently  airworthiness  targets  are  liable  to  change  over  the  course  of  years  although  this  is 
usually  a very  gradual  process.  I believe  the  sort  of  targets  outlined  in  this  paper  for  powerplant 
reliability  are  achievable  and  should  provide  the  necessary  yardstick  against  which  reliability  can  be 
measured  for  many  years  to  come. 

I am  grateful  to  the  CAA  for  permission  to  present  this  paper  and  my  colleagues  for  their  help  in 
preparing  it.  The  views  above  are  my  own  and  should  not  be  taken  to  represent  those  of  the  Authority. 
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DISCUSSION 


J.C.RipoU 

Which  are,  in  your  opinion,  the  best  reliability  performance  indications?  1 am  worried  by  reading  at  the  same  time 
that 

( 1 ) the  in-flight  shut  down  rate  per  million  flight  hours  is  very  low 

(2)  for  a group  of  companies,  in  1974  with  2000  jet  engines  in  service,  there  were  2000  in-flight  shut  downs  - 
with  200  turbo  props  in  service  there  were  400. 

The  last  figures  are  rather  threatening  in  my  sense.  Moreover,  shut  down  rate  during  take  off  is  not  the  same  as 
during  cruise. 

Author’s  Reply 

Considering  the  curve  of  in-flight  shut  down  rate  with  service  experience  (Figure  attached)  you  can  see  in  general 
that  the  turboprop  and  the  large  turbofans  have  started  off  worse  than  the  straight  jet  engine.  So  it  does  appear 
from  this  somewhat  limited  information  that  turboprops  and  turbofans,  either  because  of  their  sophistication  or 
because  of  their  size  do  start  off  at  a rather  high  rate.  On  the  other  hand,  except  in  one  case,  they  have  come  down 
in  a very  satisfactory  way  and  have  ended  up  within  the  target.  I think  from  the  airworthiness  point  of  view  the  in- 
flight shut  down  rate  is  the  reliability  indicator  that  really  matters.  There  is  certainly  a variation  in  the  shut  down 
rate  during  take-off  as  opposed  to  cruise  but  at  the  levels  we  are  talking  about,  the  probability  of  having  an  engine 
failure  at  take-off  is  still  extremely  small. 


A.Mihail 

Should  the  1 (T’  rate  of  dangerous  anomalies  be  considered  as  applying  to  both  a turbojet  and  a turbofan? 

Author’s  Reply 

As  1 tried  to  indicate  in  my  paper,  our  target  for  catastrophic  failure  is  largely  based  on  past  experience  of  what  the 
public  is  prepared  to  accept.  As  a consequence,  we  do  not  distinguish  between  turbojets,  turbofans  or  turboprops 
in  that  context. 


A.Mihail 

If  the  affirmative,  is  the  turboprop  propeller  a part  of  the  powerplant  unit  (or  should  it  be  regarded  as  such)? 
Author’s  Reply 

Yes,  the  propeller  should  obviously  be  included  as  part  of  the  powerplant. 


A.Mihail 

In  the  paper,  the  rates  of  anomalies  are  expressed  per  hour  of  flight;  in  some  cases,  should  they  not  be  expressed 
per  flight  cycles? 

Author’s  Reply 

I admit  that  I have  tried  to  dodge  that  particular  problem.  In  my  paper  I have  talked  about  one  in  ten  million  air- 
craft hours  or  aircraft  flights,  so  I have  left  the  options  open.  If  you  are  considering  the  landing  gear,  for  example, 
something  that  is  only  used  twice  per  flight,  it  is  reasonable  to  consider  it  in  terms  of  aircraft  flights.  If  you  are 
talking  of  engine  operation  which  goes  on  continuously  then  1 think  it  is  right  to  use  hours  of  flight. 
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HELIABILITY  VERSUS  COST  IH  OPERATIMG  WILE  BOLT  JET  EKGINES 

S.K.W.J.  BEHAETEATJ 
K.L.M.  Royal  Dutch  Airlines 
Sohlphol  Airport  East 
Netherlands  1117  ZL 
P.O.  Box  7700 


SUMMARY 

Scheduled  international  airline  operational  and  related  maintenance  characteristics  require  a 
high  degree  of  reliability  from  aircraft  and  engines  to  be  able  to  offer  a safe  but  also  commerci- 
ally and  economically  justified  product.  This  required  high  degree  of  reliability,  is  ultimately 
gained  and  maintained  at  high  cost  to  the  airline.  Although  for  a specific  engine  type  and  a 
specific  airline,  theoretically,  an  optimal  oost/reliability  level  to  be  reached  should  exist, 
practically  this  cannot  be  foxmd  due  to  unquantifiable  variables.  The  only  way  to  reach  a justified 
cost/reliability  level,  apart  from  initial  engine  design,  is  to  look  for  cost  effectiveness  of 
offered  product  improvements,  changes  in  maintenance  organization/phllosophy/practioes  and  improve- 
ment of  monitoring  and  control  techniques.  Each  of  these  points  is  discussed  in  more  detail  and 
based  on  experience  gained  by  operating  the  new  generation  of  high  performance  high  by-pass  jet 
engines. 


PREFACE 

With  the  appearance  of  the  wide  body  aircraft  a new  class  of  jet  engines  entered  service 
namely  the  high  power  high  bypass  ratio  jet  engines.  These  engines  are  characterized  by  an  in- 
crease of  scale,  incorporation  of  advanoed  technology  and  design  features  based  on  new  ideas  with 
respect  to  maintenance. 

The  wide  body  aircraft  and  their  engines  faced  the  airlines  with  financial,  organizational  and 
technical  problems  to  solve.  In  Europe  this  resulted  in  the  establishment  of 

two  consortia  namely  ATLAS  and  KSSD,  each  consisting  of  a number  of  European  airlines,  with  the 
objective  to  most  economically  perform  the  engineering  and  maintenance  work  on  the  wide  body  air- 
craft and  their  engines.  Within  the  KSSTJ  consortium  KLM  is  responsible  for  engineering  and  main- 
tenance of  the  General  Electric  CF6  engines.  Therefore  this  presentation  on  reliability  versus 
cost  will  deal  with  the  experience  gained  in  operating  this  type  of  engine. 

One  cannot  expect  anybody  to  give  a complete  picture  of  the  relationship  between  reliability  and 
cost  for  a certain  engine  type.  Reliability  a.o.  is  influenced  by  inherent  design  deficiencies, 
operating  environment  and  maintenance  policy  while  cost  consequences  a.o.  are  depending  on  the 
kind  of  airline  operation,  the  way  an  airline  is  organized,  the  scale  of  operation  and  the  air- 
line standards.  While  these  factors  differ  for  each  airline  the  only  thing  which  can  be  done  is 
to  point  out  important  items  which  show  to  have  an  impact  on  cost  and  also  show  to  have  potential 
for  cost  effective  improvement.  This  is  what  this  paper  will  deal  with,  without  having  the  ob- 
jective to  be  exhaustive. 

RELIABILITY.  WHAT  DOES  IT  MEAN 

Commonly  reliability  is  defined  as  the  probability  that  an  item  will  perform  a required  func- 
tion under  specific  conditions  without  failure  for  a specific  period  of  time.  This  is  a general 
definition  which  forms  a guideline  to  establish  parameters  by  which  one  can  measure  reliability 
of  a certain  product  or  Individual  components.  Speaking  about  aircraft  engines  failing  to  meet 
the  propulsive  function  results  a.o.  in  pilot  complaints,  aircraft  delays,  inflight  shut  downs 
and  engine  removals.  Therefore  measuring  reliability  can  be  done  by  defining  parameters  like  the 
number  of  these  kind  of  occurrences  within  a suitable  defined  time  related  interval.  One  then 
gets  generally  used  reliability  parameters  like  the  engine  removal  rate  being  the  number  of 
engine  removals  per  thousand  (IOOO)  engine  running  hours  and  the  engine  Inflight  shut  down  rate 
being  the  number  of  inflight  shut  downs  per  thousand  (IOOO)  engine  running  hours. 

Although  these  parameters  mentioned  indioate  the  reliability  of  the  engine  as  a whole  due  to  their 
operational  oharaoter  they  only  cover  part  of  the  total  picture.  This  total  picture  shall  include 
the  more  detailed  information  about  units  or  parts  of  the  engine  responsible  for  the  removal  or 
inflight  shut  down  expressed  in  terms  of  the  number  of  ocoTirrenoee  per  time  period.  Moreover  it 
has  to  be  mentioned  that  the  various  parameters  are  not  covering  independent  ooourrenoes.  For 
Instance  an  inflight  shut  down  comes  to  be  noted  as  a pilot  complaint  and  can  result  in  an  engine 
removal  which  in  turn  can  lead  to  an  aircraft  delay.  It  will  be  clear  that  reliability  when  used 
in  connection  with  so  oomplex  an  item  like  an  aircraft  engine  has  a wide  scope  and  that  an  overall 
reliability  figure  does  not  exist. 

WHAT  DOES  AN  AIRLINE  REQUIRE 

Airlines  by  their  very  nature  have  to  fly  and  make  a profit  by  it.  Waistlng  ground  time  means 
ineffective  use  of  a rather  expensive  means  of  production  which  is  especially  true  for  the  present 
generation  of  wide  body  aircraft.  International  scheduled  airlines  have  to  fly  a published  sohedule 
on  which  their  customers  should  be  able  to  rely.  Characteristics  of  scheduled  international  airline 
operation  therefore  are  high  aircraft  utilization,  short  turnaround  times  in  between  flights, 
punctual  operation  and  most  of  the  aircraft  movements  taking  place  away  from  home  base.  These 
characteristics  apart  from  the  safety  aspect  require  the  highest  possible  degree  of  reliability 
from  aircraft  and  systems  from  which  the  propulsion  system  is  a very  Important  one.  Important 
reliability  parameters  are  delay  rate,  inflight  shut  down  rate  and  removal  rate.  Moreover  this 
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high  degree  of  reliability  should  be  reached  at  minimal  cost,  whereby  things  like  engine  failure 
modes  (costly  secondary  damage)  and  rate  of  unscheduled  removals  (costly  outer  station  removals, 
inconvenient  removal  times)  play  an  important  role.  For  instance  an  engine  failure  at  an  outer 
station  means  a.o.  having  to  transfer  passengers  to  other  airlines  or  sending  a relief  aircraft, 
bringing  in  from  the  main  base  personnel  and  equipment  together  with  a serviceable  engine  to  re- 
turn the  aircraft  into  service  again.  Another  example  is  an  engine  failure  early  in  climb,  this 
normally  means  having  to  dump  a considerable  amount  of  fuel  which  is  rather  expensive  nowadays, 
to  get  from  take  off  weight  to  allowed  landing  weight.  Typical  cost  figures  for  a DC-10  operation 
are  displayed  in  tabel  shown  in  figure  1 . 


TYPICAL  DC-10  COST  DATA 


Situation 


Coat 


Remarks 


Outer  station 
removal 


Minimxun  Loss  of  3 - 4 airplane  days. 

$ 100,000.-  Airplane  value  t 26  million. 


Engine  shut  down  Minimum 

in  climb  S 10,000.- 

resulting  in  fuel 
dump. 


Only  accounts  for  fuel  dumped. 
Cost  of  aircraft  delay  and  re- 
sultant cost  excluded. 


Figure  1 


Apart  frcm  this  there  is  the  passengers  discomfort  which  works  negatively  on  the  company' s image 
if  things  like  this  occurs  frequently.  If  reliability  would  be  low  and  therefore  the  chance  of 
both  examples  to  occur  regularly  would  be  high,  this  to  an  airline  would  mean  loss  of  income  not 
only  on  short  term  but  also  on  the  long  term  due  to  degrading  product  quality  and  this  together 
with  high  expenses  works  the  wrong  way  for  making  a profit. 

HOW  DOES  RELIABILITY  RELATE  TO  COST 

As  has  been  said  before  an  airline  requires  a high  degree  of  reliability  from  its  engines  but 
of  course  not  to  be  gained  at  any  cost.  One  has  to  minimize  total  cost  composed  of  the  cost  of 
achieving  and  maintaining  a certain  reliability  level  and  the  resultant  cost  of  having  such  a level. 
Figure  2 displays  total  cost  as  resulting  from  these  two  cost  factors. 


COST/RELIABILITY  RELATIONSHIP 


Figure  2 

The  resultant  cost  a.o.  Is  composed  of  aircraft  delay  cost,  inflight  shut  down  related  cost  (fuel 
dump),  cost  of  relieving  stranded  aircraft  and  passengers  and  maintenance  related  cost  (material 
consumption,  repair  related  labour  cost,  inventory  cost).  This  resultant  cost  most  probably  will 
decrease  with  Increased  reliability.  The  cost  to  achieve  and  maintain  a certain  reliability  level 
a.o.  is  composed  of  monitoring  cost,  product  Improvement  introduction  cost  (hardware,  labour, 
campaign  cost)  and  Increased  workshop  inspection  and  related  repair  activity.  This  coat  in  general 
will  Increase  with  a higher  reliability  level  to  be  reached  and  maintained.  There  are  a number  of 
things  to  be  said  about  these  two  cost  factors.  First  the  relationship  of  both  factors  with  relia- 
bility differs  from  airline  to  airline  due  to  different  operational  conditions,  company  organiza- 
tion, standards  and  policies  and  so  on.  Second  the  level  of  the  achieving  and  maintaining  cost 
curve  greatly  depends  on  maintenance  organization/concept  and  practices.  This  for  Instance  means 
that  a lower  cost  level  can  be  reached  at  the  same  reliability  level  by  changing  towards  a more 
efficient  set  up.  Third  a great  number  of  the  elements  from  which  these  cost  are  composed  are 
nearly  if  not  at  all  to  quantify.  Forth,  one  can  not  establish  the  total  "achieving  and  maintain- 
ing" cost  curve  at  a certain  moment  in  time  while  future  Improvement  possibilities  and  their  re- 
liability upgrade  potential  are  unknown  and  therefore  no  cost  can  be  assigned  to  them. 

This  means  that  a generally  valid  optimal  reliability  level  for  all  airlines  does  not  exist  and 
secondly  that  due  to  the  many  unquantlflable  and  unpredictable  cost  elements  the  curves  can  not 
be  established.  Praotloally  speaking  finding  the  way  to  the  optimum  rellabillty/oost  level  is  a 
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step  by  step  approach,  at  each  step  weighing  the  cost  of  an  available  improvement  against  its 
benefits  maintenance  and  operaticnal  wise  and  moreover  always  being  alert  for  ways  to  change  the 
cverall  cost  level  without  loss  of  reliability. 

WHAT  AHE  THE  DIPORTANT  ELEMENTS  IN  ACHIEVING  AN  OPTIMAL  COST/EELIABILITV  LEVEL 

In  the  process  of  aohievlng  an  optimal  oost/reliablllty  level  in  a step  by  step  way  one  has 
to  focus  attention  on  a few  areas  of  importance  which  are: 

- Introduction  of  product  improvements, 

- Monitoring  and  control  teohnlques. 

- Maintenance  organization/ccncept/practices. 

Each  of  these  areas  will  be  discussed  in  more  detail  in  the  next  paragraphs. 

INTRODUCTION  OP  PRODUCT  IMPROVEMENTS 

We  have  to  accept  the  fact  that  a perfect  prcduct  can  not  be  designed  initially.  This  a.o.  is 
due  to  the  designer  not  being  able  to  fully  envisage  the  real  environment  in  which  and  moreover 
the  way  by  which  his  product  will  be  operated.  Also  elaborate  testing  of  the  product  before  it 
enters  service  is  not  revealing  all  it  should  be.  As  a result  of  this  airlines  have  to  accept 
deficiencies  and  weak  spots  to  show  up  diiring  operation  ultimately  resulting  in  product  improve- 
ments offered  by  the  manufaoturers.  It  will  be  clear  that  the  fewer  the  necessary  product  im- 
prcvements  to  be  introduced,  and  if  they  have  to  the  soonest  they  are  offered  by  the  mamifaoturer, 
the  better  off  the  airlines  will  be.  Figure  J shows  the  yearly  introduced  service  bulletins 
(product  improvements)  and  the  number  accepted  by  the  airline  from  the  introduction  of  the  CF6-5O 
engine  on  for  the  KSSU  consortium. 


OFFERED/ ACCEPTED  PRODUCT  IMPROVEMENTS 


Figure  3 

So  large  a number  of  modifications  to  be  performed  requires  a rigid  priority  system  to  be  effective. 
To  decide  upcn  inccrporation  of  a oertain  modifioation  but  introducing  it  slow  means  waisting 
money.  One  never  can  introduce  all  modifications  diiring  a oertain  shop  visit  while  this  normally 
means  opening  up  the  complete  engine.  Tabel  4 shows  the  break  down  in  applied  priorities  and  its 
average  percentage  of  all  available  modifications  for  each  priority. 

MODIFICATION  PRIORITIES  AND  RELATIVE  DISTRIBUTION 


Priority 

Percentage 

Remarks 

1 

1 

Mandatory  campaign. 

2A 

60 

Mandatory  during  shop  visit  on  affected/ 
non  affected  modules. 

2B 

15 

Mandatory  at  shop  visit  on  affected  modules 
only 

3 

25 

At  exposure  during  shop  visit. 

4 

0 

Based  upon  parts  condition. 

Figure  4 


Product  improvements  are  directed  towards  solving  design  deficiencies,  improve  deterioration 
characteristics  and  extend  part  life  capability.  In  making  the  trade  off  calculation  needed  to 
decide  whether  to  accept  a prcduct  improvement  yes  or  no  one  has  to  take  these  considerations  into 
account  to  recognize  the  relevant  cost  elements.  Also  the  priority  to  be  given  to  a oertain  modifi- 
cation will  depend  on  this. 

The  effect  of  such  an  approach  will  be  that  the  fleet  which  normally  is  a mixture  of  old  and  new 
engines  gradually  will  converge  to  the  oost/hour  related  to  the  "maturity"  level  of  reliability 
as  is  depicted  in  figure  5. 
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PRODUCT  IMPROVIMEKT  INTRODUCTION  EFFECT 


Years  from  entering  service  • 

Pi£ure_^ 

Figure  6 shows  the  actual  "manhour  consumption  per  engine  running  hour"  curves  for  the  CF6-5O 
engine  up  till  now  as  compared  to  the  JT3  engine. 


MANHOUR  CONSUMPTION  PER  ENGINE  RUNNING  HOUR 


Figure  6 
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MONITORING  AND  CONTROL  TECHNIQUES 

The  wide  body  Jet  engines  were  Introduced  to  start  service  on  the  basis  of  the  "on  condition" 
concept.  This  concept  requires  having  an  "on  wing"  condition  monitoring  system  together  with  a 
maintenance  inspection  program.  Also  when  an  engine  is  in  the  shop  forced  and  opportunity  inspec- 
tions are  to  be  performed  on  individual  parts  to  access  condition  and  continued  life  potential. 
The  appropriate  monitoring  and  control  techniques  cover  a variety  of  things  like  visual  checks, 
metal  checks,  X-ray,  horoscope  inspections,  speotographio  oil  analysis,  trend  charts,  statistical 
surveys  and  use  of  AIDS.  All  these  things  are  essential  to  control  reliability  but  thereby  also 
cost.  Especially  with  the  present  generation  of  high  power  Jets  operating  at  high  pressure  ratios 
and  temperatures,  involving  latest  but  by  that  costly  technology,  early  detection  of  potential 
failure  modes  is  necessary  to  avoid  expensive  secondary  damages,  Tabel  shown  in  figure  7 gives  an 
impression  of  dollar  value  Involved  in  secondary  damages  as  compared  to  correcting  the  primarj' 
failure  mode  alone. 

REPAIR  COST  COMPARISON  FOR  PRIMARY  AND 
SECONDARY  DAMAGE 


Failure  mode 

Mini  nozzle  bolt 
Turbine  blade  HPT 
St.  2 blade  retainer  HPC 
St.  7 HPC  blade 


Primary 
repair  cost 

t 75.000.- 

i 110,000.- 
S 80,000.- 
$ 24,000.- 


Primary  + secondary 
repair  cost 

s 430,000.- 
S 360,000.- 
8 150,000.- 
8 120,000.- 


Figure  7 
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Apart  from  preventing  secondary  damage  also  trying  to  avoid  outer  station  removals  is  an  objective. 
An  outer  station  removal  at  least  costs  about  t 100,000.-  if  this  occurs. 

Figure  8 shove  the  effect  of  the  at  present  most  important  monitoring  and  control  techniques  which 
indicates  borosooping  to  be  the  most  effective  technique.  Although  one  has  to  keep  in  mind  that 
background  knowledge  of  how  far  to  go  if  a defect  is  detected  (for  instance  a crack)  is  a very 
important  thing  but  difficult  to  acquire. 

EPPFKT  OF  MONITORING  & CONTROL  TECHNIQUES  ON  UNSCHEDULED  HEM0VAT.S 


Boroscope 


1 — — ■ . -I . — ■ ■ ■ , I 
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Year 


Figure  8 


For  illustration  purposes  a relatively  new  problem  area  to  the  CF6-50  engine  is  depicted,  namely 
stall  which  tends  to  decrease  the  effectivity  of  the  monitoring  and  control  techniques.  A rela- 
tively new  technique  offered  with  the  wide  body  aircraft  is  AIDS  meaning  Airborne  integrated  Data 
System  which  in  essence  shows  to  have  a great  potential  in  early  failure  detection.  Unfortunately 
this  technique  due  to  its  present  state  of  the  art  only  serves  as  a backup  information  source 
while  it  can  be  a powerful  monitoring  instrument  to  indicate  engine  condition.  This  requires 
heavier  engine  instrumentation  and  memory  capacity  but  could  be  worthwhile  in  trying  to  bring 
fault  isolation  "in  flight"  instead  of  in  the  limited  ground  time  and  moreover  improve  the  quality 
of  the  condition  information. 

MAINTENANCE  ORGAHIZATION/CONCEPT/PRACTICES 

It  is  obvious  that  even  the  best  product  if  not  taken  care  of  properly  will  degrade  and  there- 
by starting  to  be  more  expensive  than  necessary.  It  is  the  way  one  organizes  maintenance  the  frame- 
work in  which  one  performs  it  and  how  one  actually  does  it  which  to  a great  extend  determines  the 
cost  level  and  the  reliability  of  the  product  maintained.  Especially  the  maintenance  concept  turns 
out  to  be  of  prime  importance.  The  wide  body  jet  engines  as  has  been  said  before  were  introduced 
with  an  "on  condition"  concept  but  moreover  modularity  as  a concept  was  introduced.  This  modulari- 
ty when  used  fully  enables  an  airline  to  minimize  shop  visit  time,  thereby  greatly  influencing 
investments  in  spare  engines  but  also  repair  and  storage  facilities.  There  still  is  another  im- 
portant factor  involved  which  is  vital  to  the  "on  condition"  concept  namely  workscope  planning. 

To  be  cost  effective  and  to  improve  or  at  least  prevent  reduction  of  reliability  one  has  to 
accomplish  a workscope  at  each  shop  visit  which  optimizes  cost  versus  "on  wing"  time  and  not  only 
limit  oneself  to  just  fixing  the  failure  or  problem.  To  establish  this  workscope  one  has  to  take 
into  account  the  previously  discussed  product  improvements  available,  the  data  generated  by  moni- 
toring the  fleet,  shop  findings,  parts  sampling  data,  engine  deterioration  data  and  analyse  all 
this  to  find  out  which  activities  are  necessary  to  achieve  a preset  "time  on  wing"  objective. 

From  this  a "minimum"  work  standard  for  each  shop  visit  can  be  defined  which  is  enlarged  for  the 
Individxial  engine  based  on  this  speoific  engine's  health  determined  by  a variety  of  data  like 
trend  data,  vibration  trends,  speotograflc  oil  analysis,  boroscope  findings  and  so  on  and  the 
history  of  modules  the  engine  is  composed  of.  The  decision  as  to  the  final  workscope  for  a specific 
engine  within  the  KLH  organization  is  a team  effort  within  a committee  formed  by  representatives 
of  engineering,  quality  control,  production  and  production  planning.  The  effectivity  of  this  kind 
of  workscope  planning  can  be  measured  by  a "time  since  last  shop  visit"  distrlbutlr  1,  together 
with  an  analysis  of  the  reasons  for  low  time  removals.  Figure  9 shows  two  successive  distributions 
covering  first  and  second  half  of  the  year  1976.  Prom  this  it  can  be  seen  that  a c.iift  towards  the 
lower  end  has  taken  place  indicating  new  problem  areas  resulting  in  low  time  removals.  Analysis 
going  on  has  to  show  where  the  workscope  has  to  be  adapted. 
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TIME  SINCE  LAST  SHOP  VISIT  DISTRIBHTION 


Time  since  last  shop  visit  x 1000  hrs 
First  half  1976  Second  half  1976 

Figure  9 

Fi^re  10  shows  the  development  of  the  "average  time  since  last  shop  visit"  for  the  CP6-5O  engines 
maintained  at  KSSO  from  the  start  of  operation.  This  picture  reveals  an  improving  trend  although 
quite  some  more  improvement  still  is  possible  if  only  one  could  get  rid  of  the  high  percentage  of 
low  time  removals. 

TIME  SINCE  LAST  SHOP  VISIT  TREHI 


2000 

Time  since 
last  shop 
visit 
hours 

1000 


75  74  75  76  Year 

Figure  10 


cohcldhing  remarks 

Concluding  this  presentation  it  can  be  stated  that  a fixed  relationship  between  reliability 
and  cost  does  not  exist,  while  this  depends  on  many  variables  having  a different  impact  with 
different  airlines* 

W^t  is  clear  is  that  there  is  an  optimal  cost/reliahility  level  which  ultimately  will  be  achieved 
if  one  keeps  bei^  aware  of  the  potential  within  the  mentioned  elements:  product  improvement  intro- 
duction, monitoring  and  control  techniques  and  maintenance  organization/concept/practices  and  more 
in  particular  cost  effective  workscoping* 
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DISCUSSION 


A. Mihail 

La  figure  6 montre  quo  le  tout  main  d’oeuvre  du  CF  6 (reaeteur  de  type  modulairc  de  la  derniere  generation)  est 
du  meme  ordre  que  pour  les  moteurs  premiere  generation  (JT4,  JT3D).  Cela  est  surprenant  apres  tout  ee  qui  a 
ete  dit,  avant  la  mise  en  oeuvre,  sur  le  prix  d'exploitation  de  ee  type  de  moteur.  Qu’en  pensez-vous? 

Author’s  Reply 

It  is  of  eourse  very  diffieult  to  say  whether  your  initial  statement  is  eorreet.  What  you  imply  is  that  the  high 
generation,  that  is  the  third  generation  of  jet  engines  should  be  lower  in  manhours  consumption  with  respect  to 
running  hours  than  the  JT3  engine.  It  is  a more  complex  engine,  it  is  a more  powerful  engine  and  it  applies 
higher  technology,  it  applies  new  techniques,  which  could  explain  that  it  needs  more  manhours.  But  it  shows 
actually  to  be  compatible  with  the  JT3. 


A.Mihail 

Votre  presentation  parle  pen  des  AIDS.  Or  KSSU  est  le  groupe  qui  a admis  des  depenses  importantes  sur  ce 
systeme.  Lstimez-vous  que  les  faibles  resultats  obtenus.  d’apres  votre  expose,  sont  dus  en  fait  a la  faible 
tiabilite  du  systeme  ou  a sa  conception? 

Author’s  Reply 

You  are  right  that  we  did  spend  quite  a lot  of  money  in  introducing  the  AIDS  system  into  our  fleet.  And  if  I 
had  to  address  to  why  we  are  not  fully  content  with  this  system,  1 can  say  it  has  indeed  two  elements  which  you 
have  already  mentioned.  One  was  the  very  poor  reliability  it  had  in  the  beginning.  It  is  improving  now. 

But  the  second  one  is  the  concept  that  is  of  course  something  we  have  in  hand.  In  our  normal  operation  it  is 
only  used  to  find  out  after  a failure  has  taken  place,  how  this  actually  developed.  It  can  give  some  indication 
where  to  look  at  for  the  start  ot  the  lailure.  Therefore,  1 said  it  is  used  as  back  up  information.  It  could  be  a 
valuable  instrument  if  you  could  monitor  the  engine  and  at  least  could  keep  a record  of  many  nights  in  its 
memory.  There  you  could  really  do  some  trend  analysis,  but  that  is  far  future.  1 guess  if  you  were  able  to 
achieve  gas  path  analysis,  you  could  already  during  operation  indicate  where  something  is  degrading  within  the 
engine,  that  is  what  I mean  when  saying  it  could  be  more  effectively  used.  Of  course  that  would  require 
additional  engine  instrumentation  as  well  as  enlarged  memory  capacity  of  the  computer. 
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LES  RISqjreS  iFFECTAHT  U.  BSSISIANCE  STHUCTOHAIE 
ET  U SECURITE  DES  PROPtJLSEDES  MODERJJES 


1 


par 

JEAN  A.  AGUES! 

In^inleur  en  Chef  Hors  Classe 
Chef  du  Service  dee  Etudee  de  Propulsion 
Air  France,  Direction  du  Materiel 
elder  AI24,  94396  Orly  A4rogare,  France 


EESDME 


L*  Evolution  dee  perfonnanoee  des  propulseurs  modemes  ddJA  en  service  ou  qul  le  aeront 
d£.n8  les  ann4es  I98O  Bt  au-delA  n6cesslte  la  mlse  en  oeuvre  de  caract6rlstlques  de  plus 
en  plus  avanc6es  en  matlAre  de  nlveauz  de  tempdrature,  d'efforts  et  de  contralntes  radca- 
nlques  et  theimlques  et  de  nouvelles  technologies  de  matdrlauz  afln  d'en  amdllorer  les 
rendeioents.  Une  attention  accrue  est  par  suite  fondamentalement  ndcessalre  au  stade  de 
la  conception  et  du  d6veloppement  pour  preserver  I'lnt6grlt4  etructurale  de  oee  propul- 
seurs. La  presentation  s'attache  A I'analyse  des  rlsques  auxquels  I'lntdgrlte  structu- 
rale  de  tels  propulseurs  est  soumise,  oompte  tenu  de  1' experience  Importante  dejA  ac- 
cumuiee  et  dans  la  perspective  des  nlveauz  d'Anergle  theimlque  ou  clnetlque  mis  en  oeu- 
vre A I'avenlr.  Dee  eiemplee  prAcle  sont  dlscutes  A oet  dgard  pour  Juetlfler  la  neoossi- 
te  de  telles  precautions  dans  les  domalnes  clnetlque  (contalnement)  et  thermlque  (em- 
plol  du  tltane,  etc...) 

Plusleurs  annees  d' experience  dans  le  transport  aerlen  International  avec  les  propulseurs  A taui  de  dilu- 
tion eieve  mis  en  service  successivement  depuis  le  debut  des  annees  1970  (Pratt  & Wlthney  JT9D  et  General 
Electric  CP6)  eur  lee  avlons  A grande  capaclte  (B-747,  DCIO-30,  A500B)  a permls  progresslvement  de  mesurer 
et  d'appreder  la  nature  1 ' Importance  et  les  consequences  techniques  ou  economiques  de  1' ensemble  des  pro- 
blAmes  rencontres  dans  I'utilisatlon  de  cos  moteurs  de  conception  avancAe. 

Certains  de  ces  problAmes  ont  prdsente  neanmolns  une  dimension  toute  particullAre  par  les  rlsques  poten— 
tiels  serieux  directs  ou  indirects  qu'ile  comportent  sur  I'integrite  etructurale  et  sur  la  edcurlte  de 
fonctlonnement  de  ces  reacteurs  et  dont  on  peut  estlmer  qu'll  est  par  suite  essential  du  point  de  vue  d'un 
utilisateur  d'en  effectuer  une  analyse  approfondie  pour  deflnir  les  domalnes  oA  dee  programmes  de  develop— 
pement  paraiseent  nAcessalres  pour  leur  apporter  des  solutions  effioaces. 

Un  tel  examen  revSt  au  surplus,  un  IntdrSt  encore  plus  grand  dans  la  perspective  des  programmes  actuelleosnt 
engages  pour  le  d4veloppement  de  la  seconde  gdnAration  de  rAacteurs  A taux  de  dilution  Alevd  (CEW-56  et  JT10D) 
et  sur  lesquels  des  problAmes  analogues  seralent  tout  A fait  sueceptlbles  de  ee  produire  si  1 'experience  dA- 
JA  obtenue  n'Atait  pas  utllisAe  d'une  manlAre  sufflsante  en  temps  vqulu. 

Elen  que  I'on  pulsse  reconnaltre  volontiers  que  I'analyse  qul  suit  solt  plus  alsAe  aprAs  une  experience  eten- 
due  plutSt  qu'au  stade  Initial  du  developpoment,  on  peut  estlmer  neanmolns  qu'elle  rests  eseentlelle  pour 
alder  A amAllorer  la  conception  des  propulseurs  modemes  exlstants  et  A venlr. 

Le  tableau  1 resume  la  nature  des  rlsques  majeurs  qul  ont  affecte  A dee  degrAs  divers  I'integrite  etruotu- 
rale  dee  reacteurs  A taux  de  dilution  eievA.  Ces  rlsques  en  demlAre  analyse  resultant  essentlellement  des 
nlveauz  d'energle  thermlque  et  clnetlque  partlcullArement  eieves  mis  en  oeuvre  dans  le  fonctlonnement  thermo- 
dynamique  ou  mAcanlque  de  ces  reacteurs. 

Ces  rlsques  en  sol  ne  sont  pas  nouveaux  at  ont  figure  au  premier  plan  dee  preoccupations  des  conetructeurs , 
des  compagnles  utilisatrlces  et  des  autorites  de  certification  dAs  la  mlse  en  service  des  propulseurs  A 
reaction  des  generations  anterleures  depule  le  debut  des  annAes  i960.  Neanmolns,  les  capacltAs  presentee 
d'avlons  tele  que  les  Boeing  747,  Douglas  DC  10-30  et  Airbus  A3OOB  ou  oelles  des  avlons  futurs,  leur  donnent 
et  contlnueront  A leur  dormer  une  blen  plus  grande  dimension  que  les  avlons  precedents. 

L' Importance  dee  nlveauz  plus  eievAs  d'Anergle  thermlque  ou  clnetlque  dans  certains  modes  d'incldents,  d6cou- 
lent  en  effet,  de  1 'evolution  de  certalnes  caracteristiques  partlcullAres  A la  conception  et  A la  mlse  en 
oeuvre  des  reacteurs  A taux  de  dilution  AlevA  dans  plusleurs  domalnes  fondamentaux  : 

- Performances 

- Cycle  thermodynamlque 

- Conception  basique 

- Technologie 

- Politique  d'entretlen  en  service. 

Pour  analyser  en  detail  les  processus  pouvant  affecter  I'integrite  struoturale  de  ces  reacteurs,  11  a i>aru 
coamiode  de  raeeembler  et  d'utlllser  les  donnees  genArales  figurant  dans  le  tableau  2. 

Cn  a recherche  dans  ce  tableau  A claaser  les  rlsques  structuraux  en  fonction  de  leur  origins,  themique  ou 
clnetlque,  et  A Avaluer  pour  chaque  origins  dans  quelle  mesure  la  sevArite  de  ces  rlsques  partlcullers  va- 
rient  ou  pourralsnt  varler  en  fonction  d'une  variation  IndApendante  de  caractArletlques  fondaaentales  de 
conception  ou  d 'utilisation  de  ces  rAactevirs. 


L 


6-2 

Ce  tableau  ccanporte  n^ceesalrement  dans  certains  domalnee  marglnauz  une  part  d 'appreciation  Inherente  It  son 
caractere  de  generalisation  et  en  deplt  du  fait  qu'll  solt  base  uniquement  sur  des  considerations  d'expe- 
rience . 

Neanmolns  on  peut  considerer  que  ces  donnees  pexmettent  de  schematlser  les  domaines  les  plus  critiques,  et 
de  soullgner  plusieurs  points  partlculierement  Importants  au  stade  de  la  conception  qul  requierent  une  atten- 
tion touts  specials. 

(1)  RISaOES  STRPCTURADX  D'ORIGIME  THERMiaDE 

(1.1)  Carburant 

Les  fuites  de  carburant  en  general,  internes  ou  eztemes,  comportent  potentlsllement  une  atigmentation 
importants  de  niveaux  de  rlsques  Sous  I'effet  separe  ou  combine  des  facteurs  suivants,  qu'il  est  faci- 
le de  soullgner  par  quelques  exemples  : 

(a)  Performances 

. Augmentation  de  la  poussee  de  decollage 
. Augmentation  du  rapport  poussee/polds 
. Hendement  du  cycle  thermodynamlque . 

(b)  Conception  baejque 

. Gradients  de  temperature. 

1 'augmentation  de  poussee  entrains  cells  du  debit  de  carburant  et  done,  a priori,  de  I'importance  des 
fuites  susceptlblee  de  se  produlre  dont  les  consequences  se  trouvent  d'ailleurs  aggravees  en  cas  de 
systems  de  drainage  Insufflsant  conme  I'experience  I'a  montre. 

I L' augmentation  du  rapport  poussee/polds  a coincide  dans  un  cas  typlque  avec  un  aliegement  dee  Injec- 

teurs  de  carburant  dont  I'experience  a reveie  les  consequences  f&cheuses  sur  leur  resistance  k la 
I cokefaction  et  leurs  llmltee  de  fatigue  haute  frequence  pulsque  des  crlquee  ont  pu  se  developper 

, jusqu'A  une  fracture  locale  avec  fuite  de  carburant  interne,  combustion  IncontrSiee,  finalement  per- 

I foration  locals  du  carter  diffuaour  des  reaoteurs  intereases  et  inoendle  looaliee  du  rdaoteur  et  dee 

I equipements  adjacents  (figure  1,2  et  3). 

' Lee  gradients  de  temperature  se  produlsant  dans  ces  Injecteurs  ont  ete  trouves  ulterleurement  anor- 

malement  eievei  u cours  d'essals  sur  plates-fomes  ou  sur  reacteurs  complete.  Cette  categorie  d'ln- 
[ cidents  A necessite  le  developpoment  d'un  nouvel  injeoteur  renforce  et  ameiiore  dans  lequel  lee  gra- 

I dlents  extemes  de  temperature  ont  ete  reduits  de  2^^°F  dans  1' injeoteur  initial  A 46  °F  dans  1' Injeo- 

teur ameiiore  grSce  k une  etude  plus  soignee  (figure  4). 

Quant  au  rendement  du  cycle  thermodynamlque,  son  augmentation  entralnant  celles  dee  temperatures  de 
combustion,  on  oonqoit,  et  I'experience  a confirme,  qu'll  en  resultalt  blen  une  elevation  de  I'envl- 
1 ronnement  thermlque  du  reacteur  susceptible  d'aggraver  A son  tour  I'effet  indlvlduel  ou  combine  dee 

facteurs  precedents,  notamment  sur  1 'ensemble  du  circuit  de  carburant  et  de  ees  connexions  de  raooor- 
^ dement  multiples  pour  des  facilltes  d'entretien  modulaire. 

(1.2)  Lubrifiant 

L'experlence  a montre  que  les  rlsques  de  feu  interne  d'huile  peuvent  Stre  sensiblement  augmentes  sous 
I'effet  de  plusieurs  facteurs. 

(a)  Cycle  thermodynamlque 

. Augmentation  du  taux  de  compression 
. Augmentation  de  ddblt  d'alr. 

t 

(b)  Technologie 

. Ctilieatlon  de  joints  d'etanoheite  de  oompresseur  A labyrinthes. 

I Un  example  typlque  lllustrant  ce  genre  de  problAme  et  le  rSle  dee  facteurs  pr4c4dente  est  celul  du 

I circuit  d'air  de  ventilation  du  oompartlment  de  roulement  principal  n"  3 d'un  rdaoteur  A taux  de  di- 

lution dlevd.  Ce  roulement  A rouleaux  est  situd  en  position  arriAre  du  compressexir  haute  pression  et 
eon  oompartlment  est  Isold  par  un  systAme  oomplexe  de  joints  d'dtanchditd  A labyrinthes  destind  A 
empAcher  I'alr  sortant  du  compresseur  haute  pression  A tempdrature  dlevde  de  pdndtrer  dans  ce  compar- 
timent,  o'est-A-dlre  d'y  provoquer  la  cokdfaotlon  de  I'huile. 

Dh  dqulllbre  de  presslone  d'isolement  est  ainsi  rdallsd,  male  qui,  en  partioulier  avec  I'usure  mdoa- 
nique  des  labyrinthes  et  I'aoorolseement  de  leurs  jeux  permet  effectlvement  I'admlsslon  d'alr  haute 
pression  dans  ce  compartiment  du  fait  du  taux  de  compression  lul-mSme  trAs  dlevd  du  compresseur.  la 
tempdrature  de  cet  air  (530‘’C)  dtant  trAs  supdrleure  A cells  du  point  d' auto- inflammation  de  I'huile 
synthdtlque  employde  (260'’C),  11  en  rdeulte  la  combustion  locale  de  I'huile  entre  le  compartiment  du 
roulement  n*  3 Bt  la  bolts  d'entralnement  d'accessolres  A laquelle  le  compartiment  est  ventlld  et  le 
ddclenchement  d'un  incident  d'huile  violent  dans  cette  bolte  entralnant  sa  destruction  partlelle  et 
1 'dtabllssement  d'un  feu  d'huile  plus  ou  moins  impossible  A arrSter  entre  temps,  tant  que  le  rdacteur 
toume  mSme  en  moulinet,  e'est-A-dire  tant  qu'un  ddblt  d'alr  et  d'huile  suffisant  continuant  d'arrlver 
dans  le  compartiment  du  roulement  (figure  5).  Ce  processus  s'est  effectlvement  prodult  dans  un  certain 
nombre  de  cas  avec  des  ddgdts  secondalres  trAs  Importants, 

Cette  catdgorle  d' incidents  A justlfld  le  ddclenchement  de  mesuree  contralgnantes  en  entretlsn  pour 
surveiller  I'dvolution  de  la  marge  de  tempdrature  de  I'alr  de  ventilation  du  roulement  3 per  rapport 
A certaines  llmltee  fixes  afln  de  ddceler  A I'avance  ce  genre  d'anomallee. 
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N4anffloin8,  on  peut  retenir  connoe  conclusion  de  cette  experience  que  le  principe  d^utilieer  pour  I'dtan- 
ch4it4  d'un  compart iinent  de  roulement  un  d46it  d*alr  ^ une  temp4rat\xre  francheioent  plue  4lev4e  que  le 
point  d'auto^llumage  de  I'huile  du  compartiment  k ieoler  eet  en  soi  une  disposition  qu'il  est  assu- 
reoment  pr4f4rable  d*4viter. 

(1.5)  Tltane 

Le  tableau  2 montre  assez  clairement  que  le  risque  conetitu4  par  les  feux  de  titane  devient  particu- 
lierement  grave  avec  1* augmentation  des  valeurs  d'un  assez  grand  nombre  de  parametres  int4re8sant  les 
performances,  le  cycle  thezmodynamique , etc...  c*eBt-^*-dire  avec  le  d4veloppement  de  rdacteiirs  de  per- 
formances  de  plus  en  plus  avanc4e6  et  lorsque  le  titane  continue  d'etre  employ4  parall4lement  de  ma- 
ni4re  particuli4rement  intensive  dans  les  ailettes,  les  aubes,  lee  disques  et  les  carters  de  compres- 
eeur  en  raison  de  ses  caractdristiques  mdcaniques  remarquablement  int4re8Bantd8. 

Au  terme  d*ann4e8  d'utilisation  de  ce  metal  dans  des  r4acteur8  civils  k tau>  de  dilution  4lev4  et  md- 
me  dans  certains  r4acteure  des  g4n4ration8  ant4rieure8,  l'ezp4rience  a inontr4  que  le  titane  cooportait 
trois  lnconv4nients  majeurs  : 

(a)  See  limites  de  fatigue  cyclique  , par  con84quent  les  risques  de  fractures  en  fatigue  haute  ou  basse 
frequence  sont  conBid4rablement  affect4es  par  les  effete  d'entailles  m4caniqueB  et  lee  discontinui- 
t48  mdtallurgiques  structurales  internes  ou  euperficielles* 

(b)  Le  titane  donne  lieu  k une  combustion  exothermique  k tendance  explosive  k tempdrature  tr4e  4lev4e 
(2000*C)  lorsque  les  conditions  appropri4es  de  d4bit,  de  pression  et  de  temp4rature  d'air  4lev4eB 
sont  r4unie8. 

(c)  Le  titane  possMe  un  coefficient  de  conductiblllt4  thermique  qul  n*e8t  que  25  % de  celul  de  l*acler 
environ.  II  en  r48ulte  que  le  frottement  ffl4canique  tit€uie/titane  par  suite  de  son  faible  tranefert 
de  chaleur  se  traduit  par  des  temp4raturee  superficielles  extrdmement  4lev4ee  BUBceptibles,  dans 
les  conditions  pr4c4dente8  et  avec  la  g4n4ration  appropri4e  de  ddbris  d*amorcer  la  r4action  ex- 
plosive de  combustion. 

Cette  r4action  eet  d^ailleurs  extrdmement  courts  et  est  exprlmde  le  plus  souvent  en  milli-secondee. 

Les  premiers  feux  de  titane  sur  rdacteurs  civils  remontent  k 1962  et  l*importance  exceptionnelle  des 
d4gdts  secondaires  souvent  non  contenus  quails  entratnent  et  de  leurs  risques  potentiels  pour  la  84- 
curit4  de  vol  a 4t4  rapidement  reconnue.  La  figure  6,  montre  un  exemple  r4cent  aseez  caractdristique 
des  ddgdts  internes  r48ultant  d'un  feu  de  titane. 

Ces  incidents  sont  le  plus  g4n4ralement  consdcutifs  k une  rupture  initiale  d*ailette  de  rotor  ou  de 
stator  compresseur  male  leurs  cone4quencee  secondaires  peuvent  comporter  la  fusion  de  certaines  tu- 
yauteries  d'huile  ou  de  carburant  avec  les  feux  correepondante. 

QuoiquUl  en  soit,  l*en8emble  de  l*exp4rience  pr4c4dente  permet  d’estimer  que  l*utili8ation  du  tita- 
ne sans  limitations  ou  restrictions  telle  qu'elle  a 4t4  Jusqu'A  pr4eent  pratiqu4e,  et  en  I'absence 
d*une  technologie  susceptible  de  r4duire  e4rieusement  les  inconvdnients  majeurs  pr4c4dent8,  malf  '4 
8imultan4ment  une  4volution  pr4vi8ible  et  importante  de  nombreusee  caract4ri8tiques  de  conception 
contribuant  k lee  aggraver,  ne  saurait  se  prolonger  sane  qu'il  en  rdsulte  une  escalade  redoutable 
dans  lee  riequee  affectant  I*int4grit4  etructurale  de  certains  rdacteurs  prdeents  ou  future,  c*e8t- 
A-dire  en  d4finitive  la  B4curit4  du  vol  elle-mSme. 

Pour  ces  raisons  on  peut  4galement  fermement  souhaiter  que  la  mise  en  oeuvre  du  titane  devienne  k I'a- 
venir  r4glementairement  contrdl4e,  de  telle  sorts  que  la  rdsistance  etructurale  au  d4clenchement,  k 
la  propagation  et  au  minimum  au  containement  des  feux  de  titane  devienne  \ine  pairtie  int4grante  des 
conditions  de  la  certification  des  r4acteure  future  et  & ce  titre,  fasse  I'objet  d'essais  complete 
de  substantation  appropri4e. 

(2)  RISftUES  STRUCTDHAUX  D*0RIGIME  CINgTIftUE 

(2.1)  Disques 

I«8  risques  structuraux  r4sultant  dee  niveaux  d*4nergie  cin4tique  considdrablee  mis  en  oeuvre  dans 
les  disques  sont  ndcessairement  suBceptibles  d'augmenter  potentiellement  avec  les  facteurs  suivants  : 

Performances  t - Augmentation  du  rapport  poussde/polde 
- Pouse4e  au  d4collage 

Conception  baeique  : E14vation  des  niveaux  de  contralntes 
Technologie  t Nouveaux  mat4riaux 

II  est  juste  de  reconnaitre  que  les  progr^s  rdalisds  dans  la  conception!  le  d4veloppement  et  les  essais 
en  matidre  de  disques  de  turbines  ou  de  compresseure  ont  4t4  orlent4s  jusqu'A  prdsent  avec  l*objectlf 
de  leur  assurer  une  int4grit4  etructurale  virtuellement  totals.  Ndanmolns,  l*exp4rlence  a nontrd  que 
cet  objecbif  n*a  pas  4t4  amti^reoent  attaint.  d4pit  du  petit  nombre  de  ruptures  de  disques,  on  peut 
estimer  que  les  implications  stznioturales  pour  le  r4acteur  et  l*avlon  d'une  rupture  non  contenue  de 
cette  nature  sont  telles  que  des  efforts  suppldmentaires  soient  essentiels  pour  assurer  k ces  disques 
une  fiabilitd  encore  meilleure. 

Dans  cette  perspective,  11  est  bon  de  rappeler  que  le  rapport  pous84e/poids  a pratiquesent  doubl4  en 
15  ana  sur  les  rdacteurs  mllitalres  et  au^&entd  de  plue  de  70  % sur  les  rdacteurs  civile.  Ces  progrfts 
ont  4t4  possibles  grftce  k une  aiigmenta^ion  dee  niveaux  de  contraintes  tangentiellee  par  I'introduc- 
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tion  de  mat4riaux  nouveaux,  de  margee  de  contraintes  plus  r^dultes  de  conception  et  d* amelioration 
dans  lea  techniques  de  refroidissement. 

Neanmoins,  malgre  1* introduction  de  nouveaux  materiaux  ayant  de  meilleures  propridtes  de  traction  et 
de  fluage,  lee  caracteristiques  lidee  k 1' initiation  et  k la  propagation  dee  criques  ne  paraissent 
pas  avoir  suffisannent  progresse.  II  en  r^sulte  que  des  progranmes  de  recherches  importants  restent 
encore  k poureuivre  tant  par  une  meilleure  analyse  et  une  meilleure  simulation  des  contraintes  et  dee 
temperatures  de  disques  rdsultant  dee  profits  de  vols  telles  qu'elles  sont  mises  en  oeuvre  dans  des 
eesaie  cycliquee  acceieres  que  par  1* etude  plus  complete  dee  caracteristiques  metallurgiques  et  des 
limitations  pratiques  contrdlant  lee  phenorndnes  de  fatigue  basse  frequence. 

Bans  ce  dernier  domaine  certainee  anomalies  metallurgiques  importantes  ont  pu  etre  constatees  recem*' 
ment  par  exemplet  telles  que  la  presence  de  criques  de  fatigue  dans  un  rotor  de  compresseur  en  tita^ 
ne  Ti  6-2-4-2  k partir  d'une  zone  contenant  des  ddcohesions  et  une  forte  segregation  locale  en  phase 
alpha  dure  dans  lone  matrice  de  phase  beta  ductile.  Bn  ddpit  des  caracteristiques  connues  de  cet  al> 
liage,  I'anomalie  en  question  a entratne  la  rupture  de  ce  rotor  en  cours  de  decollage. 

La  mise  en  oeuvre  par  ailleurs,  de  nouvelles  techniques  d*eiaboration  telles  que  celle  du  forgeage 
isostatique  de  disques  k partir  de  poudres  necessitera  des  recherches  approfondies  pour  contrdler 
les  facteurs  susceptibles  d'intervenir  dans  lee  limites  de  fatigue  basse  frequence  de  tele  alliages 
tout  en  maintenant  des  limites  de  vie  cyclique  dconomiquement  acceptables. 

(2.2)  Allettes 

Le  tableau  2 montre  que  le  nombre  de  parametres  contrdlant  directement  l*integrite  struturale  des  ai- 
lettes  de  compresseur  en  particulier*  est  trbs  eievd.  Au  surplus » 1* evolution  previsible  de  ces  para- 
metres*  dans  le  sens  dee  caracteristiques  des  reacteurs  k taux  de  dilution  eieve  dejA  en  service  ou 
des  reacteurs  de  la  generation  suivante*  montre  que  les  ailettes  de  compresseur  continueront  dans  une 
large  mesure  k constituer  une  source  interne  de  risques  structuraux  trAs  importants  dont  il  importe 
d*evaluer  et  de  rdduire  les  niveaux. 

En  se  lifflitant  seulement  aux  grandee  lignes  de  1 'experience  obtenue*  on  peut  estimer  essentiel  que  les 
ailettes  de  compresseur  soient  rendues d'une  maniAre  gdnerale  beaucoup  moins  sensibles  k certaines  con- 
ditions resultant  de  leur  environnement  sur  des  etages  particuliers  telles  que  1' importance  et  la  na- 
ture du  frottement  k leur  extrdmite  en  raison  de  jeux  initiaux  particulibrement  rdduits  pour  des  rai- 
sons de  taux  de  compression  eievd  par  etage,  le  pompage  occasionnel  pour  des  raisons  d'altdration  de 
profile  aerodynamiques  ou  d'anomalies  occasionnelles  de  calages  d'aubes  de  stator  k incidence  varia- 
ble* lee  effete  d'impacts  divers  but  lee  limites  de  fatigue  etc... 

L'expdrience  a demiArement  montrd  en  particulier,  combien  la  nature  du  frottement  en  bouts  d'ailettee 
;Jouait  par  exemple  un  r&le  important  sur  la  structure  du  rdactexxr.  Dans  ce  cas  particulier,  et  k 1*  is- 
sue d'un  programme  d'essais  ayant  mis  en  oeuvre  des  moyens  d'analyse  et  d'dtudes  sans  prdcddents,  il 
a At A possible  de  vArifier  et  de  reproduire  au  banc  1 'explosion  du  carter  haute  pression  sur  plusieurs 
rAacteuxs  k la  suite  de  la  gAnAration  par  usure  consAcutive  au  frottement  et  au  desAquilibrage  du  ro- 
tor, du  revdtement  epoxy  du  carter  compresseur  k certains  Atages  du  compresseur  basse  pression,  revA- 
tement  qui,  k I'Atat  de  poudre,  e'enflammalt  de  maniAre  explosive  dans  le  compresseur  haute  pression 
en  causant  sa  rupture  gAnArale  le  long  de  son  plan  de  Joint. 

Ce  genre  d'incident  s'Atait  en  effet  produit  au  dAcollage  en  deux  occasions  et  ees  consAquences  spec- 
taculaires  siir  la  sAcuritA  de  1 'avion  ont  dAclenchA  de  maniAre  non  moins  epectaculaire  le  remplace- 
ment  trAs  rapide  du  revAtement  prAcAdent  dee  carters  du  compresseur  basse  pression  par  un  revAtement 
non  combustible  en  nid  d'abeilles  aluminium  sur  tous  les  rAacteurs  de  ce  type  en  service. 

Ce  mode  d'incident  illustre  par  ailleurs  le  rAle  en  interface  dee  structures  de  rAacteur  sur  leur  in- 
tAgritA  structurale  propre. 

(2.3)  Roulements  principaux 

La  fiabllitA  mAcanique  et  les  conditions  de  fonctionnement  des  roulements  principaux  constituent  sur 
le  plan  de  la  technologle,  un  facteur  trAs  important  contrdlant  I'intAgritA  structurale  dee  rAacteurs 
k taux  de  dilution  AlevA. 

Il  a At  A constat  A par  exemple*  assez  rAcesiMnt*  que  I'Acaillage  progreesif  dee  billes  ou  du  chemin  in- 
tArieur  du  roulement  k billsn*  2 d'un  rAacteur  de  ce  type  (figure  7)  a pu  entratner  un  grippage  com- 
plet  de  ce  roulement  et  sa  destruction  ainsi  que  la  rupture  pratiquement  complAte  des  ailettes  stator 
et  rotor  du  compresseur  haute  pression  dont  ce  roulement  supportait  la  butAe  axiale. 

Le  dAveloppement  de  tels  Incidents  peut  Atre  susceptible  dans  un  cas  particuliArement  sAvAre  de  ne  pas 
Atre  totalement  contenu,  outre  leurs  consAquences  Aconomiques  rAsultant  des  dApenses  pour  la  rApara- 
tion  du  rAacteur  intAressA  de  I'ordre  d'un  demi  million  de  dollars. 

On  peut  estimer  k cet  Agard*  que  I'Avaluation  de  la  probabilitA  de  vie  d'un  roulement  principal  sur 
dee  rAacteurs  de  ce  type  en  utilisant  la  limits  dite  "BIO"  sur  un  diagraime  de  Weibull*  c'est-A-dire 
la  limlte  de  vie  assurant  une  probabilitA  de  rupture  de  10  % d'une  population  de  roulements  pour  un 
mode  de  rupture  dAtenninA  qui  Atait  acceptable  sur  les  rAacteurs  des  gAnArations  antArleures  comptant 
deux  roulements  de  butAe  adjacents  par  rotor*  est  devenue  inaproprlAe  sur  les  rAacteurs  modemes  dont 
la  vie  devralt  semble-t-il  Atre  eirpriaAe  par  un  coefficient  beaucoup  plus  reetrictif  tel  que  B-3  ou 
mAme  B-2. 
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(2.4)  Ingestion 

Le  problfeme  de  I'int6grlt6  structurale  des  r^acteurs  modemes  et  en  definitive  de  la  securite  du  vol 
en  cas  d'ingestion  d'objets  etrangers  et  en  particulier  d'oiseaux  au  decollage  ou  i I'atterriBBage 
a prie  vine  dimension  croissants  but  les  reaoteuTB  i taux  de  dilution  tree  eieve  et  k ce  titre  meri- 
ts une  diecuBBion  particulikre. 

Outre  que  ce  risque  bien  connu  eet  aggrave  par  lee  conditions  d'environnement  but  certains  aeroports 
favorables  k la  presence  d'oiseaux  souvent  de  grandes  dimensions,  on  peut  estimer  k partlr  de  I'ana- 
lyse  de  nombreux  incidents  que  lee  reacteurs  precedents  sont  specialement  vulnerables  aux  ingestions 
et  k leur  consequence  pour  deux  raisons  fondamentales  parml  les  divers  facteurs  du  tableau  2 : 

(a)  Les  taux  de  dilution  de  4 et  au-deseus  se  traduisent  par  une  augmentation  de  debit  d'air  du  fan 
au  decollage  telle  que  la  depression  devant  celui-ci  permet  de  moins  en  moins  aux  oiseaux  mSme 
de  grandee  dimensions  d'echapper  au  debit  d'air  du  fan.  la  zone  de  probabilite  d'lngestion  aug- 
mente  en  consequence  autour  du  reacteur. 

(b)  L'analyse  d'impacts  d'oiseaux  but  les  ailettes  de  fan  et  de  leur  trajectoires  d'ingestlon,  montre 
clairement  que  la  fracture  locale  d'une  ailette  entralne  la  liberation  d'un  fragment  metallique 
centrifuge  k I'exterieur  du  fan  mais  qui  ne  peut  8tre  absorbe  k son  tour  au  travers  de  celui-ci 
tant  qu'il  n'a  pas  4t4  reduit  k I'etat  de  fragments  de  plus  petltes  dimensions  ce  qui  suppose  que 
le  fragment  initial  demeure  un  temps  prolonge  devant  le  fan  en  y aggravant  progressivement  lee 
degkts  et  les  balourds  secondaires  (figure  6).  Get  effet  results  de  I'angle  d'attaque  trfes  falble 
des  extremites  d'allettes  de  fan  qui  accroissent  I'effet  de  masque  geometrique  s'opposant  k la 
penetration  d'un  objet  exterleur  suivant  une  trajectoire  oblique. 

One  experience  sur  laquelle  les  statistiques  abondent  permet  d'estimer  que  les  rkgles  actuelles  de 
certification  pour  demontrer  la  capacite  et  la  resistance  aux  absoiptions  d'oiseaux  des  reacteurs  k 
taux  de  dilution  eieve  meritent  d'Stre  reconsiderees  pour  les  raisons  precedentes. 

II  est  en  effet  assez  remarquable  que  les  ddgSts  secondaires  d'ingestlon  solent  dans  beaucoup  de  cas, 
par  leur  nature  et  leurs  consequences,  sensiblement  plus  serleux  que  ceux  constates  aprks  absorption 
d'oiseaux  conformes  aux  specifications  et  aux  rkgles  presentes  de  certification. 

Compte  tenu  de  ce  qui  preckde,  on  peut  par  suite  considerer  desirable  que  la  certification  des  reac- 
teurs future  dans  ce  domaine  demontre  1 'absorption  non  de  corps  etrangers  tele  que  des  oiseaux  mais  aussi 
celle  d'objets  metalliques  de  mSme  nature  que  le  materiau  des  ailettes  de  fan,  de  masse  et  de  dimen- 
sion analogues  aux  fragments  statist iquement  susceptibles  de  resulter  de  fractures  Inltlales  d'ailet- 
tes  par  premiers  impacts. 

La  perspective  de  1 'utilisation  croissants  d'avions  moyens  ou  courts  courriers  dans  les  annkes  k venir 
kquipks  de  rkacteurs  k taux  de  dilution  klevk  donne  au  problfeme  des  ingestions  un  intkrkt  accru  sur- 
tout  si  I'on  considkre  I'emploi  de  plates-formes  d'ailettes  de  fan  d'une  configuration  nouvelle. 

(5)  CONCLUSIONS 

(3.1)  On  peut  eouhaiter  que  les  remarques  prkckdentes  contrlbuent  k souligner  les  domalnes  oil  I'expkrlenoe 
antkrleure  des  rkacteurs  k taux  de  dilution  klevk  justifie  des  amkliorations  en  matikre  de  rksistan- 
ce  et  d'intkgritk  structurales  c'est-k-dlre  de  skcuritk  de  fonctlonnement  et  de  skcurltk  de  vol. 

(3.2)  Si  1'  on  devait  donner  une  prioritk  aux  objectifs  les  plus  importants,  il  apparatt  que  les  orientations 
devraient  faire  1 'objet  en  premier  lieu  de  programmes  dans  les  domalnes  du  tltane,  des  ingestions,  des 
ailettes  compresseur  et  turbine,  du  carburant  et  du  lubrifiant,  et  qu'en  dkfinitive,  le  rapport  pousske/ 
poids  vu  sous  cet  angle  est  probablement  un  des  pararnkti^s  les  plus  influents  et  les  plus  importants 

k considkrer. 

(3.3)  L'expkrience  montre  que  le  dkveloppement  du  rkacteur  une  fois  en  service  ne  peut  permettre  que  des  amk- 
lioratlons  trks  limitkes  pour  rkduire  des  risques  dont  il  imports  de  prendre  pleinement  conscience  au 
stade  de  la  conception  initials . 

(3.4)  Un  bien  mellleur  degrk  de  compromis  du  rapport  pousske/poids  que  celul  pratlquk  jusqu'k  prksent  s'avkre 
done  nkcessaire  en  acceptant  certaines  augmentations  de  poids  judlcleuses  qui  pratiquement  sont  impos- 
sibles k incorporer  plus  tard  pour  des  raisons  techniques  ou  en  raison  de  leurs  coflts  exagkrks  pour 
les  utillsateurs. 

La  tendance  nkanmolns  k 1 'augmentation  de  poids,  toutes  raisons  comprises,  une  fois  en  service  justi- 
fie  la  position  prkokdente.  La  figure  9 montre  comment  oette  augmentation  kvolue  sur  un  rkacteur 
rkcent  k taux  de  dilution  klevk  au  ooura  des  cinq  premikres  annkes  aprks  sa  mise  en  service  initials. 
Plus  d'une  centaine  de  modifications  reprksentant  plus  de  100  kgs  ont  contribuk  k cette  kvolution 
au  prix  de  dlffioultks  Innombrables  et  de  dkpenses  de  tous  ordros  extrSmement  importantes  pour  les  uti- 
lisateurs.  Eiicore  faut-11  souligner  que  malgrk  cela,  les  modifications  rksolvant  certains  des  risques 
structuraux  dlBCutks  plus  haut , restent  k ktudler  et  k appliquer  et,  pour  le  moins,  sont  problkmatlques. 

(3.5)  ba  politique  d'entretien,  rappelke  dans  le  tableau  2,  ne  peut  elle  seule  malheureusement  se  substituer 
d'une  manikre  satisfaisante  aux  amkliorations  qui  peuvent  paraltre  nkcessaires.  Tout  au  plus  et  au 
prix  de  contraintes  non  nkgllgeables,  la  mise  en  oeuvre  de  moyens  de  surveillance  d'ktat  sur  avion 
permet-elle  de  limiter  trks  partiellement  la  probabilltk  et  lee  coflts  des  risques  structuraux  par  leur 
dktection  avancke  dans  certains  cas  et  pour  des  pkriodes  llmitkes. 
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NATURE  DES  RISQUES  STRUCTURAUX 

Thermiques 

Feu  de  carburant 

Feu  de  lubrifiant 

Fusion  partielle  d elements  structuraux  statiques 

Feu  de  titane 

Cinetiques 

Ruptures  d’ailettes  de  compresseurs  ou  de  turbines 
Perforation  delements  structuraux  statiques 

Rupture  de  disques 

Rupture  de  roulements  principaux 

Non  containementen  general  de  fragments  balistiques 

Tableau-! 


EFFH  POTENTIELDllllE  VARIATION  DES 
CAIACTERISTiaUES  SUR  U SEVERITE 

DES  RISBUES 

modare  rAduH  * 

Important  *+•  + 
sans  changamant  0 

ORieiNE  DES  RISQUES  STRUCTURAUX 

THERMIQUE 

CINETIQUE  1 

Origine  Reacteur 

Origine 

Extdrieure 

CARACTERISTKXJES  REACTEUR 

Carburant 

Lubrifiant 

Tltane 

DIsques 

Ailettes 

Roulements 

Structures 

Ingestion 

Performances 

f^ssMde 

decollage 

+ + 

0 

+ + 

+ 

+ + 

+ 

4 4- 

Rapport 

Pouss^/Polds 

+ + 

0 

4-  + 

+ + 

+ + 

+ 

4-  4- 

Cycle 

thermo 

dynamique 

Debit  d'air 

0 

+ 

+ + 

0 

+ 

+ 

0 

4-  4- 

Taux  de 
dilution 

0 

0 

0 

0 

0 

+ 

0 

4-  4- 

Taux  de 
compression 

0 

+ + 

+ + 

0 

+ + 

+ 

4- 

4-  4- 

Rendement 
du  cycle 

+ + 

0 

-t-  + 

0 

+ + 

u 

0 

0 

Conception 

basique 

Contraintes 

0 

+ 

+ + 

+ + 

+ 

4- 

4-  4- 

Gradients  de 
temperature 

+ + 

0 

+ + 

+ 

+ 

0 

4- 

0 

LimHes 

de  vie 

0 

0 

+ 

0 

0 

0 

0 

0 

Technologle 

Jeux  rMuKs 
en  bout  ailettes 
compresseur 

D 

0 

+ + 

+ 

+ 

+ 



+ + 

4-  4- 

4-  4- 

Marges  de 

pompage 

reduites 

0 

0 

+ 

0 

+ 

0 

4- 

0 

Nouveaux 

materiaux 

0 

0 

+ 

+ + 

+ + 

0 

4-  4- 

4-  + 

Joints  d'air  de 

compresseur 

0 

+ + 

D 

0 

0 

0 

0 

0 

Politique 

d'entretlen 

•n  service 

Modulalre 

0 

0 

0 

0 

0 

+ 

0 

0 

Salon  ^at 

0 

0 

0 

0 

+ 

0 

0 

r 

Techniques  de 
surveillance 

- 

- 

- 

0 

- 

- 

0 

- 

Tabltau..2 


Analyse  d«  I'importance  at  de  I'ohgina  des  principaux  risques  structuraux 
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NATURE  DES  RISOUES  STRUCTURAUX 

Thermiques 

Feu  de  carburant 

Feu  de  (ubrifiant 

Fusion  partielle  d elements  structuraux  statiques 

Feu  de  titane 

Cinefiques 

Ruptures  d’ailettes  de  compresseurs  ou  de  turbines 
Pertoration  d’elements  structuraux  statiques 

Rupture  de  disques 

Rupture  de  roulements  principaux 

Non  containementen  general  de  fragments  balistiques 

Tableau.! 


Fusion  et  perforations 
locales  carter  diffuseur 
parfuitede  carburant 


Fuite  d’injecteur 
de  carburant 


Perforation  et  fusion  locales  carter  diffuseur 
par  fuite  de  carburant 


Ruptures  locales  ailettes  de  fan  par  ingestion  d’oiseaux 


Augmentation  de  poids  resultant  de  modifications 
constructor..  Reacteur  a taux  de  dilution  eleve 
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DISCUSSION 

J.Slatford 

May  I make  a comment  on  titanium  fires?  We  already  have  a regulation  controlling  the  unlimited  use  of  titanium, 
and  at  the  moment  we  are  in  the  process  of  enlarging  that  and  making  it  more  specific. 

Secondly,  a comment  on  bird  ingestion;  1 must  talk  here  on  the  RB  21 1 which  is  the  engine  1 know  best.  That  has 
met  our  current  requirement  and  in  fact  the  service  record  1 think  is  incredibly  good.  1 think  there  has  been  one 
in-flight  shut  down  in  something  like  two  million  hours.  And  our  real  problem  has  been  with  the  small  fan  jet  or  jet 
engines  where  we  can  scale  down  the  engine  size  but  have  found  no  way  of  scaling  down  bird  size.  And  this  is  a real 
problem. 

Reponse  d 'auteur 

On  peut  neanmoins  souligner  deux  points;  le  premier  c’est  que  dans  cette  presentation  il  n’a  pas  ete  sous-entendu 
que  les  moteurs  a grand  taux  de  by-pass  actuellement  en  service  donnaient  tous  lieu,  de  maniere  identique,  aux 
meme  genre  de  problemes,  il  est  certain  que  certains  sont  plus  sensibles  ou  sont  plus  critiques  que  d’autres  et  si 
vous  voulez  le  but  est  neanmoins  d’essayer  de  souligner  que  certains  progres  peuvent  dans  certains  cas  etre  encore 
possibles,  en  tout  cas  desirables,  d'apres  I’experience  que  nous  ayons  eue. 

En  ce  qui  concerne  I’emploi  du  titane,  nous  savons  effectivement  que  certaines  regulations  existent  actuellement 
dans  son  emploi,  ma;:  neanmoins,  il  apparait  quand  on  regarde  les  choses  de  tres  pres  la  mise  en  oeuvre  du  titane, 
qui  par  ailleurs  est  un  maieriau  extremement  important,  devra  probablement  s’accompagner  de  precautions  supple- 
mentaires  relatives,  resultan*  des  caracteristiques  de  combusion  du  titane  et  des  conditions  dans  lesquels  il  est  mis 
en  oeuvre  et  probablement  certains  progres  sont  encore  tres  possibles,  compte  tenu  d’experiences  tres  recentes. 
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DEVELOPMENT  PROCEDURES  TO  PROMOTE  RELIABILITY 

by 

R.Holl,  FRAeS 

AD/Eng  D4,  Directorate  of  Engine  Development 
MOD  (PE),  UK  Ministry  of  Defence 
Room  163A,  St  Giles  Court 
1-13  St  Giles  High  St 
London 
WC2  8HLD 
Great  Britain 

INTRODUCTION 

1 This  Paper  concentrates  on  reliability  attainment  so  far  as  the  military 
aircraft  gas  turbine  is  concerned.  Early  reference  is  made  to  civil  engine 
development  and  operational  reliability  in  order  to  emphasise  that  the  aircraft 
gas  turbine  particularly  in  a basically  non-complex  form  did  provide  a step 
change  in  reliability  when  compared  with  its  predecessor,  the  high-powered 
(2,000-U,000  HP)  piston  propeller  engine.  Sir  Frank  Whittle's  genius  lay  not 
only  in  the  fact  that  he  pioneered  the  developed  application  of  the  gas  turbine 
to  jet  propelled  flight,  but  that  he  recognised  that  an  essential  requirement 
was  simple  sound  engineering  within,  what  is  called  today  "the  state  of  the  art". 
He  chose  to  employ  the  double-entry  centrifugal  compressor  directly  driven  by 

a single  stage  turbine  to  reduce  cross-sectional  area  of  the  power  plant  and  used 
a contraflow  multi-chamber  combustion  system  to  provide  a short  shaft  (and 
thereby  minimise  whirling  problems)  and  to  shield  the  turbine  blading  from  direct 
flame  radiation  from  the  primary  combustion  zone.  The  fact  that  the  reverse 
flow  combustion  arrangement  was  restrictive  when  it  came  to  increasing  the 
turbine  flow  capacity  to  achieve  higher  performance  by  up-speeding  and  raising 
the  'cemperature  was  accepted  for  the  first  generation  engine.  The  obvious 
move  to  a "straight  through"  combustor  introduced  the  first  step  towards  reduced 
reliability  stemming  from  what  was  to  become  an  insatiable  quest  for  higher  and 
higher  performance.  However,  the  problems  associated  with  the  increased  shaft 
length  were  soon  overcome,  although  expensively  as  they  did  not  show  up  until 
the  engines  had  been  in  operational  service  for  some  while.  In  the  UK,  the 
Derwent,  Goblin,  Nene  and  Ghost  centrifugal  engines  can  be  fairly  described  as 
having  a good  reliability,  whilst  in  the  USA  the  successful  I-series  of 
centrifugal  engines  modelled  after  the  Whittle  jet  engine,  and  the  licence-built 
P":W  J-UP  and  J-U8  engines  achieved  similar  reputations.  The  ultimate  reliable 
aircraft  centrifugal  gas  turbine  is  perhaps  the  Rolls  Royce  Dart,  a nominal 
1,000  SHP  turboprop.  In  spite  of  the  complexity  of  a change  to  a two-stage 
compressor  and  multi-stage  turbines  (later  cooled),  and  a progressive  erosion  of 
potential  reliability  by  up-rating  to  2,000  -*•  SHP,  the  engine  has  maintained  its 
very  high  reliability  record. 

2 The  application  of  the  axial  flow  compressor  to  the  military  area  was 
inevitable  because  of  its  smaller  frontal  area  and  the  promise  of  a maintained 
high  efficiency  at  pressure  ratios  beyond  6:1.  However,  the  relative  fragility 
of  the  compressor  system  which  can  be  equated  to  a myriad  of  thin  cantilevers 
fighting  desperately  to  survive  in  a hostile  environment,  coupled  with  the 
inevitable  increase  in  length  of  the  engine  introduced  design  complexity  outside 
the  bounds  of  experience  particularly  with  weight  at  a premium.  The  German 
axial  flow  engines  of  WWII  (Jumo  OOU  and  BMW  003)  were  very  unreliable  not  because 
of  any  lack  of  design  competence  ( in  fact  notable  performance  levels  were 
attained)  but  because  the  non-availability  of  strategic  materials  made  necessary 
the  complexities  of  a variable  final  nozzle',  significant  compressor  blow-off 

CopyriiTht  Controller  Tiondon  1077 


7-: 


and  a sophisticated  all-speed  governing  system  as  well  as  a complex  air  cooling 
arrangement.  Even  today,  the  new  generation  of  engine  designers  could  learn  a 
lot  from  careful  study  of  those  engines.  Both  in  the  USA  and  in  the  UK, 
innovative  axial  flow  engine  design  benefitted  from  the  experience  of  companies 
with  related  experience  in  the  non-aviation  field,  notably  Metropolitan-Vickers 
in  Britain  and  the  General  Electric  Co  in  the  USA.  With  the  benefit  of  the 
pioneering  effort,  the  established  aircraft  engine  industry  developed,  at 
significant  cost  to  the  taxpayer,  the  axial  flow  engine  to  higher  performance 
levels  to  a degree  where  it  virtually  ousted  the  centrifugal  engine  in  military 
combat  aircraft.  Pratt  and  Whitney,  Rolls  Royce  and  the  Bristol  Engine  Co  were 
the  prime  manufacturers  who  successfully  developed  the  two-shaft  higher  pressure 
ratio  axial  flow  turbojets  and  turbofans.  The  General  Electric  Co  elected  to 
develop  the  multi-stage  variable  compressor  stator  single-shaft  engine,  their 
J-79,  which  has  successfully  powered  a wide  range  of  military  aircraft  including 
the  Phantom,  operational  world  wide.  Thus  is  seen  the  increasing  complexity 
of  the  engine  as  performance  goals  were  set  higher  and  higher.  As  engine 
complexity  increased,  thereby  absorbing  the  full  effort  and  attention  of  the 
development  engineers,  reliability  was  left  to  be  improved  after  the  engine  had 
been  formally  qualified.  That  the  two-shaft  axial  flow  turbofan  can  attain  a very 
high  degree  of  reliability  is  shown  by  the  distinguished  record  of  P and  W's 
civil  JT3-D  engine.  In  this  particular  case,  the  core  of  the  engine  was  very 
well  developed  by  the  military  as  the  J-57.  Having  been  in  service  '’or  many 
years  it  has  set  a standard  for  reliability  that  will  be  hard  to  beat. 

3 It  is  only  recently,  during  the  past  5 years  or  so  that  in  the  military 
arena  Cost  has  become  a significant  factor.  The  relative  decline  in  importance 
of  the  military  combat  aircraft  which  now  competes  for  funding  against  equally 
or  even  more  costly  tactical  and  strategic  weapon  systems  has  had  a profound 
effect  in  recent  years. 

U It  can  be  argued  that  the  over  abundance  of  defence  funding  which  more 
than  compensated  for  the  high  cost  of  increasing  engine  complexity  also 
encouraged  a persistence  of  development  and  qualification  practices  more 
appropriate  to  piston  engines.  The  150  Hours'  Type  or  Model  Test  was  the  only 
real  milestone  which  had  to  be  passed  and  rather  too  high  a proportion  of 
applied  effort  has  always  been  devoted  to  dealing  with  the  specific  nuances 
of  the  Type  Test.  At  this  stage,  it  is  relevant  to  quote  from  an  authoritative 
address  (Ref  l)  given  in  March  1953 

"To  be  first  in  producing  good  engines  it  is  essential  that  you  are 
enthusiastic;  and  then  you  must  create  an  organization  that  can  make 
break  and  remake  and,  finally,  produce  engines  more  quickly  than  your 
competitors.  The  ability  to  'make  and  break'  engines  rapidly,  and  to 
keep  a flow  of  experimental  engines  that  practically  swamps  the  test 
benches,  is  the  only  known  way  of  successfully  developing  an  aviation 
engine" . 

This  philosophy  of  "run,  break,  re-make  and  rion  again"  which  leads  to 
extravagant  and  ill-planned  development  has  been  slow  to  disappear  and  has 
been  responsible  for  an  over-abundance  of  very  expensive  scrap  components 
at  the  end  of  many  engine  development  programs.  A proper  understanding  of  the 
very  complex  process  of  engine  development  is  given  in  Ref  2 which  was 
presented  in  the  UK  in  1971.  In  this  classic  Paper,  Mr  E C Simpson  rightly 
exposes  and  endorses  the  exploratory  development /demonstrator  approach  to 
engine  development  so  essential  for  ultimate  success. 

5 The  preceding  paragraphs  are  intended  to  explain  how,  in  the  past, 
development  has  concentrated  primarily  on  achieving  increased  performance  with 
little  thought  about  consequences  of  the  attendant  considerable  increase  in 
complexity  and  cost.  It  has  now  been  found  through  hard  experience  that 
reliability,  along  with  cost  and  complexity,  has  generated  problems  that  have 
eroded  combat  readiness. 
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6 Since  the  early  1960*s,  both  US  Military  and  UK  general  engine  specifications 
(MIL-E-5OOT,  MIL-E-839^,  and  D Eng  D 2100  and  2300)  have  been  extended  to 
include  tests  supplementary  to  the  150  Hours'  Military  Qualification  Test.  Fig  6 
extracted  from  Ref  1 compares  the  150  Hour  Type  Approval  Tests  as  they  were  in 
1953.  It  is  fair  to  state  that  the  US  test  was  then  relatively  more  demanding 
and  perhaps  more  realistic  particularly  so  far  as  the  number  of  starts  and 
accelerations  are  concerned.  Continuing  collaboration  has  resulted  in  the  two 
countries'  Specifications  remaining  "in  step"  although  the  UK  lower  limit  of 
temperature  ie  -26  C departs  from  the  more  realistic  -Uo  C of  the  American 
specifications  which  also  applies  in  the  Civil  Aviation  area. 

7 In  the  USA,  a most  determined  effort  has  been  made  to  properly  qualify 
the  P and  W F100/f401  engine  ahead  of  the  engine's  entry  into  service  in  the 
F-15  and  F-16  aircraft.  The  work  carried  out  is  summarised  in  Ref  U.  The 
testing  subjected  the  engine  to  the  most  severe  conditions  expected  to  be 
encountered  in  its  service  life.  Changes  were  made  to  the  engine  ahead  of  the 
formal  150  hour  Test  which  was  performed  on  an  engine  configuration  to 
production  standards.  It  is  claimed  that  the  testing  provided  early  development 
action  rather  than  reaction  to  flight  problems.  An  indication  of  the  duration 
and  intensity  of  the  testing  is  indicated  by  1,850  hours  of  fan  rig  testing, 

3,000  hours  of  Government  Laboratory  (AEDC  and  NAPTC)  altitude  testing,  and 

92  hours  at  Majcimum  Cycle  Temperature  at  pressure  levels  above  atmospheric  up  to 
3^*  psia  and  inlet  temperatures  up  to  UU5  K.  Whether  this  very  high  level  of 
pre-service  entry  development  has  paid  off  remains  to  be  seen. 

ENGINE  USAGE  IN  SERVICE 

"When  you  can  measure  what  you  are  speaking  about  and  express  it  in  numbers  you 
know  something  about  it,  but  when  you  cannot  your  knowledge  is  of  a meagre 
and  unsatisfactory  kind"  Lord  Kelvin  (182L-1907) 


8 An  examination  of  the  historical  record  will  reveal  a glaring  gap  in  the 
military  engine  development  process  in  that  little  or  no  work  has  been  done  to 
obtain  quantified  accurate  information  on  the  actual  way  in  which  engines  are 
used  in  military  service.  It  is  only  now  that,  belatedly,  the  situation  is  being 
rectified.  "Mission  profile  analysis",  "Engine  usage  spectrum  analysis"  are 

now  commonly  heard  phrases.  It  is  interesting  to  reflect  that  military  Engine 
Condition  (Health)  Monitoring  progrEuns  have  been  carried  out  without  apparently 
sufficient  realisation  that  the  condition  of  an  engine  is  very  much  dictated  by 
the  way  in  which  it  has  been  used  (or  abusedi).  Over  many  years  the  hapless 
engine  designer  having  seen  the  margins  embodied  in  the  engine  by  the  use  of 
well-judged  design  factors  and  the  proper  selection  of  materials  eroded  away  by 
the  insatiable  requirement  for  higher  performance,  has  not  been  provided  with  a 
feed-back  of  reliable  and  quantified  data  for  him  to  re-design  for  reliability. 
This  situation  has  now  been  realised  initially  because  of  the  safety,  logistic 
and  cost  implications  of  low  cycle  fatigue  problems  with  primary  rotating  engine 
components  eg  discs  and  shafts.  Work  is  now  in  hand  in  the  UK  to  provide  a data 
base  from  which  to  generate  design  criteria  and  which  also  will  be  used  to 
change  development  procedures  to  promote  reliability. 

9 When  the, work  was  initiated  some  2-3  years  ago,  it  was  found  that  there 
was  no  "off  the  shelf"  up-to-date,  cost-effective  system  for  airborne  data 
acquisition  and  subsequent  ground  analysis.  The  first  flight  program  on  two 
RAF  Harriers  was  carried  out  using  a UV  (ultra-violet)  trace  recorder.  The 
Engine  Directorate  of  UK  MOD(PE)  initiated  the  design  and  development  of  BUMS 
("Engine  Usage  Monitoring  System")  based  on  digital  data  acquisition  and 
formatting  with  subsequent  data  analysis  followed  by  print-out  and,  recently 

a parameter  analogue  display.  The  System  evolution  and  description  are  presented 
in  Ref  3.  The  System  has  performed  well  from  the  on-set  and  is  being  expanded 
in  terms  of  both  capability  and  capacity  to  meet  a variety  of  requirements. 


During  the  initial  development  of  the  System,  the  Service-imposed  limitation 
of  only  recording  engine  rpm  excursions  was  not  popular  as  from  the  onset  the 
equipment  had  been  designed  to  accommodate  a larger  range  of  parameters.  In 
fact  it  proved  to  be  a blessing  in  disguise  as  the  development  problems  with 
the  DAU  (Data  Acquisition  Unit)  and  of  the  QAR  (Quick  Access  Recorder)  were 
identified  more  quickly  and  positively  without  attendant  problems  with  unreliable 
sensors,  or  connectors  and  wiring.  Figs  1 to  5 have  been  extracted  from  Ref  3 
and  show  the  System  as  it  is  in  use  today. 

10  Already  some  very  valuable  and  unique  results  have  been  obtained  and 
changes  in  lifing  of  engines  are  being  clearly  indicated.  The  ability  to  define 
in  more  detail  the  Service  usage  is  a step  change  in  quantifying  lifing  of 
engines  but  more  importantly,  changes  in  the  overall  philosophy  in  engine  dpsign, 
development  testing,  maintenance  and  reliability  are  being  signalled. 

11  The  current  programme  is  correlating  low  cycle  fatigue  consxmption,  based  on 
rpm  excursions  (and  in  relevant  cases  a combination  of  rpm  and  temperatures)  with 
flight  hours.  However  it  is  important  that  the  existing  practice  of  relating  LCF 
with  hours  flown  is  examined  in  depth.  Fig  7 shows  the  variation  which  exists  in 
a typical  Service  aircraft  application  in  cycles  per  flight  and  number  of  flights 
of  the  same  sorties.  Fig  8 shows  the  variation  of  flight  cycles  related  to 
different  sorties  flown.  Dependant  upon  the  percentage  sortie  flying  by  a fleet 
of  aircraft,  then  an  overall  'weighted'  LCF  usage  value  may  be  calculated. 

It  is  self  evident  from  the  two  figures  that  a precise  knowledge  of  engine  usage 
enables  more  economic  management  to  be  made  of  life  assuming  that  the  logistics 
associated  with  this  different  approach  are  accepted.  A continuing  action  within 
MOD  is  to  optimise  the  use  of  this  data  to  guide  and  refine  the  decisions  taken 
by  Lifing  Technical  Committees  and  more  importantly  to  challenge  the  basic  concepts 
of  lifing  management. 

12  Further,  the  data  which  has  been  produced  provides  another  immediate  impact 
on  assessing  the  effectiveness  of  existing  test  procedures.  Much  data  has  been 
generated  over  the  years  on  test  bed  running  leading  progressively  into  recording 
of  data  during  the  flight  development  phase.  Correlatory  work  has  established 
read-across  on  performance  aspects  of  the  engine,  and  there  it  would  seem  the 
story  might  end.  As  highlighted  earlier  in  the  paper  there  is  little  or  no 
resemblance  between  development  and  actual  Service  flying  conditions.  Equally, 
performance  is  achieved  in  Service, but  at  what  expense? 

13  The  BUMS  activity  is  already  pointing  the  way  on  how  to  achieve  a much 
more  realistic  development  test  programme  for  'real'  reliability.  Furthermore 

it  is  a 'living'  progressive  tool  which  is  able  to  quantify  and  dictate  the  format 
of  testing  to  suit  the  changing  needs  of  a flexible  fighting  unit.  The  'loop'< 
is  closed. 

li*  The  usage  of  an  engine  for  a particular  sortie  will  produce  regions  or 
patterns  of  rpm  changes  with  corresponding  temperature  excursions.  Fig  9 and 
Fig  10  indicates  the  way  in  which  the  data  is  used  to  compile  meaningful  test 
schedules.  (The  corollary  with  Fig  6 is  self  evident).  Suitable  weighting  of 
these  values  to*re fleet  the  Service  percentage  flying  of  the  different  sorties 
will  produce  a test  datura  having  a high  level  of  confidence.  Due  regard  to 
other  environmental  conditions  of  the  engine  ie  OAT,  Airspeed  and  Altitude  will 
of  course  be  necessary. 

15  In  relation  to  the  Pegasus /Harrier  BUMS  recorded  data  (which  includes  six 
engine  and  three  aircraft  parameters),  we  are  extracting  the  maximum  amount  of 
information  on  the  engine  usage  profile  and  have  initiated  a system  to  correlate 
engine  defects /strip  condition  and  maintenance  history  with  the  BUMS  data. 
Programmes  additional  to  LCF  include  Creep  and  Thermal  Usage  are  already  being 
compiled.  Data  on  engine  history  from  the  Pegasus  Service  record  cards  is 
already  being  compiled. 
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Looking  to  the  future,  we  are  extending  both  the  versatility  and  the  capacity  of 
"EUMS"  to  become  "EU/LMS"  (Engine  Usage/Life  Monitoring  System).  The  incorpora- 
tion of  a digital  microprocessor  and  relevant  peripheral  electronics  such  as 
read-only  and  re-programmable  memories  plus  further  modification  of  the 
cassette  tape  transport  will  signficantly  improve  the  equipment's  capability. 

The  addition  of  a VDU  (Visual  Display  Unit)  converts  EUMS  into  a versatile  and 
cost-effective  Engine  Health  Monitoring  system. 


CONCLUSIONS 

1 Virtual  total  concentration  on  the  achievement  of  performance  goals  has 
resulted  not  only  in  increasingly  complex  and  therefore  very  costly  engines, 
but  also  in  a near  total  lack  of  atl.i’riLion  to  design  for  reliability. 

2 The  resulting  situation  where  reliability  improvement  is  sought  only  after 
entry  into  Service , whilst  providing  interesting  work  for  design  and  development 
teams,  is  now  financially  intolerable  to  an  extent  that  operational  readiness 

is  seriously  diminished. 

3 Belatedly,  the  need  for  mission  profile  analysis  programs  to  establish 
engine  usage  in  service  has  been  recognised  and  accepted  by  the  Operators. 

A continuous  recording  system  (acronym  EUMS)  has  been  successfully  developed 
and  is  being  applied  to  a statistically  viable  number  of  various  military 
engines  in  service.  Starting  with  a prime  target  of  establishing  realistic  LCF/ 
Flight  Hours  exchange  rates  for  specific  engine/aircraft  combinations,  .thermal 
fatigue,  creep  and  thermal  shock  factors  (hot-section  factors)  and  their 
synergism  are  now  being  investigated. 

5 The  EUM  System  provides  a cost-effective  base  for  an  on-board  EHM  System. 
This  is  now  made  possible  by  the  recent  dramatic  progress  in  electronics'  LSI 
and  the  microprocessor 

NOTE:  LCF  = Low  Cycle  Fatigue 

EHM  = Engine  Health  Monitoring 


VT--WS  IXPH:  SUETx  AHE  those  op  the  AUTHOH  AlID  DO  HOT  NECESSAIilLY 
HEPhESEHT  THOSE  OF  THE  UK  MINISTRY  OF  DEFENCE  (PE). 
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VULCAN  OR  PROVOST?  (V  OR  P):  P 
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I L.S.D.(?):  1.5 
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Fig. 5 Typical  LCF  printout 
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CHiRATIQN  or  INOtVIOgAL  TESTS 


Fig. 8 Variation  in  flight  cycles/sortie  code 
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DISCUSSION 


R. Smyth 

l iirbiiio  lil'o  iisayc  can  he  monitored  in  a simple  way  by  reeording  the  turbine  e\il  temperature  and  applying  a 
life  usage  law  to  obtain  turbine  lite  used  as  a I'unetion  ol  time.  .Mthough  the  absolute  figure  of  turbine  life 
used  may  be  iiuestionable  it  is  a good  measure  of  eomparison  tor  different  types  of  engine  usage  to  assess  the 
severeness  of  life  usage.  .Attaehed  is  a diagram  showing  the  appheation  of  the  above  method  tor  different  rolling 
take-off  proeedures  with  a V S lOL  fighter  aireraft.  On  warm  days  maximum  take-ot  f power  eould  be  selected 
as  either  a corrected  Rl’M  or  temperature  limit. 
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[nief  Temperature 

Nj/-/t^  = Engine  Control 
Parameter 

N-  = RPM  HP  - Shaft 

Exhaust  Gas  Temperature 

Life  Units  per  Flight 

Rate  of  Life  Unit  Usage 

= Flight  Speed 

L at  T^  corresponding  to  Tj 

= 15®C 

Turbine  life  usage 
during  transition 


.Viithor's  Reply 

rile  problem  of  hot  end  life  consumption  is  complicated  by  the  fact  that  there  is  both  creep  and  thermal  fatigue 
occurring  at  the  same  time.  Creep  is  a I'unetion  of  time  spent  at  a temperature  and  thermal  fatigue  is  a funetion  of 
a number  of  accelerations  and  decelerations  the  engine  sees  and  the  maximum  rpm  of  course  that  the  engine  sees. 
.'Mthough  It  is  possible  to  predict  the  creep  life  of  turbine  blades,  it  has  not  been  possible,  I believe  to  predict 
with  any  accuracy  the  therntal  fatigue  for  very  high  temperature  engines  with  cooled  turbine  blades  with  complex 
cooling  passages  and  complicated  temperature  distributions  over  the  surface  of  the  aerofoil  But  I do  agree  with 
your  original  point  that  comparison  between  one  engine  and  another  on  a creep  base  is  sound.  In  the  IIK  we  are 
trying  to  move  forward  to  a thermal  life  usage  which  embraces  both  creep  and  thermal  fatigue  and  to  indicate 
the  usage  of  thermal  life  on  some  easily  readable  output  display  which  hi  turn  can  be  used  to  indicate  the  area  and 
depth  of  inspection  by  borescope  to  verify  the  life  recording  reading. 
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H.I.H.Saravanamuttuo 

1 am  referring  to  figure  fO  of  your  presentation  sliowing  a gas  temperature  vs  time.  Which  temperature  do  you 
use  in  your  thermal  lite  usage  considerations?  1 believe  that  you  have  to  use  the  combustor  exit  temperature 
and  in  case  of  complicated  cooled  turbine  blades  the  blade  temperature. 

.\uthor’s  Reply 

The  graph  that  was  displayed  was  the  estimated  turbine  gas  temperature  deduced  from  thermocouple  measurements 
in  the  jet  pipe  and  1 agree  with  the  speaker  that  this  gives  only  a very  rough  indication  of  the  metal  temperatures 
ot  the  turbine  blades.  However,  m tbe  UK  developments  of  radiation  pyrometers  have  proceeded  to  the  point 
where  we  believe  we  have  a tool  which  can  be  fitted  to  operational  aircraft  that  will  measure  surface  temperatures 
on  turbine  blades.  In  tact  I have  seen  results  which  indicate  that  individual  blades  can  be  monitored  by  radiation 
pyrometer  such  that  the  circumferential  temperature  distribution  is  obtainable.  I believe  that  in  the  future  these 
instruments  will  torm  the  basis  ot  more  realistic  temperature  monitoring  of  turbine  blades  and  hot  end  components. 

D.K.Heiiiiccke 

Since  one  nevei  encounters  uniform  temperatures  in  the  gas  stream  or  on  the  blade  surfaces  the  temperature 
sensors  may  pick  up  non-representative  local  values.  What  is  your  approach  to  tackle  this  old  problem  when 
you  apply  the  measured  values  for  life  predictions? 

.Author's  Reply 

At  present  in  the  UK  we  have  extensive  research  programmes  on  rigs  and  on  engines  which  will  indicate  the 
turbine  blade  lite  and  how  it  correlates  with  the  measured  parameters.  Ideally  those  parameters  will  be  from 
radiation  pyrometers  but  useful  estimates  can  also  be  obtained  from  jet  pipe  temperature  measurements  or 
inter  turbine  measurements.  I agree  that  direct  measurements  of  temperatures  on  blades  are  not  themselves  the 
sole  indication  of  turbine  life  consumption  but  there  is  some  chance  that  such  measurements  can  be  coupled 
with  established  design  data,  other  known  blade  heat  transfer  characteristics,  and  related  rig  test  results  to 
provide  a reliable  “life-consumed"  number. 
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DEVELOPPBlENrr  DU  M0Ti:UR  CFM56  ORIEOTE  VERS  I.'\  I I,\BJLJTE  ET  U MAINTENABILITE 


Monsieur  Jean-Pierre  MAREXHAL 
ingdnieur  de  coordination  Technique 
SNEOtt  Direction  Technique 

77S50  NCISSY-CRAMAYEL  - FRANCE 


L 'expose  decrit  les  criteres  de  fiabilitS  et  de  maintenance  pris  en  compte  dans  le  raoteur  CI^S6 
developpe  en  cotimun  par  GENERAL  ELECTRIC  et  la  SNECMA  dans  le  cadre  d'un  programne  dirigg  et  cotimercialis^ 
oar  la  Societe  CFM  lOTERiNATIONAL.  L'objectif  de  ce  programne  est  d'acqu^rir  suffisamnent  d'exp^rience  au 
cours  du  developpement  pour  offrir  aux  utilisateurs  dds  la  mise  en  service,  un  moteur  adulte.Pour  satisfai- 
re  a cet  objectif,  7500  heures  de  fonctionnement  sont  pr^vues  jusqu'3  la  certification  du  moteur  dont  une 
grande  part  sera  consacree  a accumuler  des  cycles  sdveres  repr^sentatifs  des  conditions  d'utilisation 
reelle  d'un  avion  court- courrier.  Paralleleanent , pour  satisfaire  un  coOt  d'entretien  le  plus  faible  possi- 
ble par  une  rapiditd  et  une  facilite  de  remise  en  etat,  les  imperatifs  de  maintenance  tels  que  modularity, 
accessibility,  interchangeability,  ont  6t6  pris  en  compte  des  le  projet  initial.  L' accumulation  d'observa- 
tions  systematiques  au  cours  des  essais  permettra  de  mettre  au  point  des  mythodes  de  diagnostic  et  de 
mettre  3 la  disposition  des  utilisateurs  des  la  mise  en  service, des  guides  de  recherche  de  pa-nnes. 


cmmiTES 

Le  moteur  CFMS6  dyveloppe  par  GENERA].  ELECTRIC  et  la  SNECMA,  dans  le  cadre  d'un  programne 
dirige  et  commercialise  par  la  Societe  CFM  INTERNATIONAL, est  un  moteur  de  10  tonnes  de  poussye,  de 
technologic  avancee. 

Double  corps,  double  flux  de  taux  de  dilution  dlevd,  le  moteur  CFM56  est  conqu  pour  satisfaire 
les  demandes  des  compagnies  aeriennes  par  une  fiabilite  accrue,  une  excellence  maintenability,  un  rapport 
IfHISSEE/POIDS  elevy,  une  faible  consomnation  specifique,  un  niveau  de  bruit  infyrieur  3 celui  dyfini  par 
la  nouvelle  reglementation  et  un  faible  niveau  de  pollution. 

Le  moteur  CFMS6  est  forme  d'une  part  d'un  ensemble  haute  pression  possddant  plus  de  12  000  heures 
de  fonctionnement  a des  temperatures  d'entrde  turbine  supdrieures  3 celles  du  moteur  lui-raeme,  cet  ensemble 
ytant  utilise  sur  le  moteur  F101,  monte  sur  I'avion  B1 , et  d'autre  part  d'un  ensanble  basse  pression  bynyfi- 
' ciant  de  1 'experience  conjuguee  des  moteurs  LARZAC,  M45H,  CF6-6  et  CF6-50.  Ce  moteur  de  la  nouvelle  gyny- 

ration  a fait  I'objet  d'une  attention  particuliere  pour  faciliter  et  rdduire  les  opyrations  de  maintenance 
par  un  veritalile  decoupage  modulaire  lid  3 des  techniques  de  diagnostic  dyveloppees  parallelemcnt. 

1.  - DESCRIPTig.N_SadMAI^JW_M3T^^^ 

I Le  moteur  CFM36  est  une  turbo-soufflante  de  taux  de  dilution  de  6.  II  possdde  un  compresseur  HP 

[ a geometrie  variable  et  une  turbine  refroidie  par  air.  Le  rotor  basse  pression  possede  un  ytage  de  soufflante 

et  trois  ytages  de  compresseur  basse  pression  entrainds  par  une  turbine  3 4 etages.  Le  rotor  haute  pression 
possede  9 etages  de  pression  entraines  par  un  seul  dtage  de  turbine.  Les  deux  rotors  sont  supporCds  par  S 
roulements  sur  2 structures  qui  sont  respect ivement  le  carter  intermediaire  supportant  trois  roulements 
et  le  carter  d'echappement  supportajit  le  roulement  arriere  et  indirectement  le  roulement  inter-arbre,  sur 
lequcl  s'appuie  la  turbine  haute  pression.  La  poussee  est  reprise  au  niveau  du  carter  intermydiaire  et  le 
moment  autour  de  I'axe  du  moteur  peut  etre  repris  soit  par  I'une  ou  I'autre  des  structures. 

L'dtage  de  soufflante  a des  aubes  a talon  pcripherique  montees  sur  un  disque  anneau.  Les  trois 
etages  mobiles  de  compresseur  BP  sont  montds  sur  un  tambour  monobloc  3 queues  d'aronde  axiales,  comne  sur 
le  M45H. 

Le  carter  intermediaire,  pnacipale  structure  du  moteur,  assure  une  rigidity  suffisante  pour 
conscrver  le  controle  des  jeux  rotor/stator  en  cas  de  charges  limites  telles  que:  efforts  de  reprise  de 
poussee,  charges  aerodynamiqueo  etc...  Cette  structure  est  conque  pour  rdsister  aux  charges  dues  3 la 
perte  dventuelle  d'une  aube  de  soufflante. 

La  directrice  de  sortie  de  la  soufflante  est  logye  sur  I'avant  du  carter  intermydiaire. 

Le  compresseur  lii’  se  decompose  en  trois  parties  : les  disques  1 et  2 groupys  en  forme  de 
tambour,  le  rotor  disque  3 3 fixation  syparde  et  un  autre  tambour  supportant  les  dtages  439.  Les  ytages 
I - 2 et  3 utilisent  des  queues  d'aronde  axiales  tandis  que  les  aubes  des  dtages  439  sont  retenues  dans 
des  rainures  circonfyrentiel les  comne  sur  le  CFb.  la  directrice  d'entrde  et  les  redresseurs  1-2  et  3 3 
calage  variable,  sont  actionnys  par  verins  hydrauliques.  Le  carter  du  compresseur  est  cemposy  d'une  partie 
avant  en  titane  et  d'une  partie  arridre  en  acier.chacune  d'elles  formye  de  2 coquilles. 

La  turbine  HP  n'a  qu'un  soul  dtage  dont  les  aubes  fixes  et  mobiles  sont  refroidies  par  air.  Dans 
les  accouplemcnts  de  la  turbine  HI’  et  du  compresseur  HI’  sur  l'arbre,sont  interposys  des  disques  cemportant 
des  Idchcttes  de  labyrinthes  assurant  tui  bon  contr61e  de  I'dranchdity  compresseur  turbine. 

La  chambre  de  combustion  tr6s  courte  est  annulaire  3 injection  basse  pression.  Les  dmissions  pro- 
diiites  par  cette  chambre  repondront  3 la  rbgleroentation  en  vigueur. 


MU'. 


I.e  distributeur  d'entrde  de  la  turbine  BP  est  refroidi  et  constitue  un  sous-ensanble  par  lui- 
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Le  rotor  de  turbine  BP  3 4 Stages  est  d'une  conception  3 brides  centrSes  par  des  boulons  ajustSs. 

Le  rotor  est  entrainS  par  un  arbre  conique  au  niveau  de  la  fixation  des  disques  2 et  3.  Le  carter  de  turbine 
d'une  seule  piSce  est  reliS  au  carter  d'Schappement  de  forme  polygonale. 

Les  enceintes  avant  et  arribre  pres'surisSes  par  de  I'air  inter-conqjresseur  sont  mises  3 I'air 
libre  par  un  systSme  sSparateur  qui  chemine  au  centre  de  1 'arbre  BP  et  dSbouche  au  centre  de  la  tuySre. 

Le  support  des  Squipements  est  entrainS  par  le  rotor  haute  pression,la  prise  de  mouvement  situSe 
au  coeur  du  carter  intermSdiaire  constituant  un  mo^le  entiSrenvent  indSpendant.  Le  boitier  de  transfert  et 
le  carter  des  Squipements  se  situent  3 6 heures.facilitant  1 'accessibilitS  sur  avion.  L'habillage  est  con?u 
pour  satisfaire  la  dScomposition  modulaire  du  moteur  et  les  accSs  aux  SlSments  rempla^ables  en  ligne 
(L.R.U.). 

Parmi  les  moteurs  3 haut  taux  de  dilution  actuels,  le  CBdS6  est  celui  qui  comporte  le  moins  de 
piSces,  34  I de  moins  que  le  CF6-S0  par  exeqple. 

2-  - PBQ5B^wfc_DE_DEVEWPPEMgn; 

2.1.  - PLAN  DU  PR0GRAM4E  ET  ESSAIS  ACOCMPLIS. 

Le  progranme  de  dSveloppement  du  moteur  CFMS6,centrS  sur  les  essais  de  certification. a StS  congu 
pour  rSpondre  aux  objectifs  de  fiabilitS .d'une  part  par  des  essais  de  survitesse,  surchauffe,  vibration  et 
distorsion.  prSvus  dans  le  cadre  de  la  certification  du  moteur  et  d'autre  part  par  une  adaptation  des  cycles 
d'endurance  aux  rSalitSs  d'une  mission  type,  voire  meme  plus  s6v3re.  contribuant  3 valider  des  modifications 
bien  avant  la  date  de  certification.  Les  techniques  de  maintenance  telles  que: interchangeability  modulaire, 
validation  de  solutions  de  rSparation,  techniques  de  contrSle  et  suivi,sont  6galement  e)^riiiientyes  sur 
les  moteurs  de  dyveloppement. 

Le  premier  moteur  CFM56  a cormency  ses  essais  en  JUIN  1974.  La  pleine  puissance  a atteinte 
seulement  aprbs  10  heures  d'essais.  En  Octobre  1976,  2 000  heuies  de  fonctionnemcnt  avaicnt  c’ty  rdalisyes 
avec  6 moteurs  dont  deux  sont  en  cours  d'avionnage,  I'un  sur  I'avion  prototype  A.M.S.T.  YC1S  de  M.D. 

DOUGLAS,  1' autre  sur  le  banc  volant  CARAVELLE  de  la  SNECWA.  Contribuant  aux  essais  dans  le  cadre  de  la 
certification,  un  grand  nombre  d'essais  partiels  a dejS  yty  effectuy  ; nous  citerons  entre-autres  les 
essais  d' ingestion  et  de  rdtention  qui  ont  permis  de  dyterminer  le  comportement  des  composants  soumis  3 des 
charges  extremes  et  d'introduire  dans  certains  cas  des  modifications  bien  avant  la  date  de  certification. 

A cet  ygard  , la  technologic  de  la  partie  frontale  du  moteur  est  directement  issue  de  I'expyrience  acquise 
en  essais  ryels.  Une  expyrimentatibn  globale,  avec  reproduction  fidSle  des  paramytres  moteur,  a yty  effectuye 
dans  un  banc  d'essais  partiels.  Plusieurs  types  de  projectiles  ont  yty  employys  : 

- grelons  de  0 25  et  50  ram 

- morceaux  de  glace  25x100x150  et  25x75x400  ram 

- morceau  de  pneu 

- oiseaux  moyens  680  g (1,5  lbs) 

- oiseaux  lourds  1810  g (4  lbs) 

- une  aube  de  soufflante  complete  2500  g (5,5  lbs). 

Au  total  52  tirs  de  projectiles  ont  yty  ryalisys  dont  plus  de  10  sur  une  roue  de  soufflante 

compiyte. 

2.2.  - OBJECTIFS 

Les  spycifications  techniques  du  moteur  en  terme  de  performances,  masse,  fiability,  maintenability , 
ont  yty  ytablies  3 partir  de  I'expyrience  acquise  sur  les  autres  moteurs  mais  ygalement  en  intygrant  en  per- 
manence les  demidres  exigences  des  avionneurs  et  des  compagnies  ayriennes.  A cet  ygard,le  moteur  3 dyj3 
yty  prysenty  aux  principaux  avionneurs  et  compagnies  ayriennes  mondiales, au  cours  de  plusieurs  ryunions  ras- 
semblant  la  majority  d'entre  eux. 

Dans  ce  meme  cadre,  I'objectif  de  durde  de  vie  pour  lequel  le  moteur  a yty  congu,  correspond  3 un 
ncmbre  considyrable  de  cycles  propre  3 chaque  pibce  principale  , dans  tous  les  cas  la  premiSre  dypose  ne 
devant  intervenir  qu'au  cours  de  la  seconde  moitiy  de  la  durye  de  vie  totale  de  la  pidce.  La  premi6re  condi- 
tion pour  les  pidces  toumantes,  est  remplie  en  s'assurant  qu'un  dyfaut  de  dimension  donnye  qui  pourrait  ne 
pas  etre  dytecty  par  les  moyens  de  controle  habituels,  ne  conduirait  pas  3 une  yvolution  3 rupture  avant  la 
prcmiSre  dypose. 

Le  cycle  ccninercial-type  retenu  correspond  3 un  cycle  d'une  heure  reprysentatif  d'une  utilisation 
intense  sur  un  avion  court-courrier  donnant  des  conditions  les  plus  syvdres  pour  le  vieillissement  d'un 
moteur. 

L'objectif  est  de  reproduire  les  conditions  d'iimplitude  des  dyformations  de  I'ensemble  du  moteur 
qui  soient  reprysentatives  d'un  cycle  de  vol  type.  I.es  parties  chaudes  et  en  particulier  la  turbine  HP 
ytant  les  plus  critiques  de  ce  point  de  vue,  ce  cycle  a yty  obtenu  sur  les  bases  de  ryalisation  suivantes  : 

- conditions  de  fonctionnement  de  la  turbine  haute  pression 

- tempyratures  obtenues  sur  le  disque  de  turbine  haute  pression 

- reproduction  des  amplitudes  de  dyformation  dues  au  gradient  des  tempyratures  mesuryes. 
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La  figure  n°  1A  schematise  ce  cycle  comnercial. 
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FIG.  tA 

^ CFM56.  MISSION  COMMERCIALE  TYPE 


Le  temps  de  montee  constitue  une  part  importante  du  cycle  complet  imposant  des  conditions  de 
temperature  qui  affectent  la  duree  de  vie  des  composants  en  fatigue  oligocyclique.  La  s6quence  en  inversion 
de  poussee  a ete  egalement  prise  en  consideration  pour  tenir  compte  de  la  reduction  et  de  la  pointe  de  regime 
du  moteur  associees  a cettc  manoeuvre. 

3.3.  - NPYENS  MLS  EN  OEUVRE  POUR  PARVENIR  A CES  OBJECTIFS 

Les  moyens  mis  en  place  au  cours  du  programne  do  developpement  pcrmettent  de  s' assurer  que  les 
objectifs  de  duree  de  vie  sont  bien  satisfaits  raais  egalement  a' identifier  les  problemes  de  fatigue  afin 
de  prevenir  les  pannes  en  service  au  cours  des  premieres  annees  d'utilisation.  Cette  analyse  est  faite  3 
partir  d'une  combinaison  de  calculs,  d'essais  moteur  et  d'essais  partiels. 

Les  criteres  pris  en  compte  dans  le  dimensionnesnent  sont  : 

- le  fluage 

- la  fatigue  oligocyclique 

- la  propagation  de  criques 

- la  survitesse 

- les  problanes  liSs  au  flambage 

- les  fonct ionnements  anormaax  ddtectcs  par  1 'analyse  de  pannes. 

Pour  tous  ces  critdres,  la  methode  d'analyse  tient  con5>te  du  profil  de  vol  de  la  mission  conmer- 
ciale-type,  de  la  temperature  ambiante  et  d'un  niveau  de  degradation  du  moteur  en  function  du  ncmbre  de 
cycles. 

Pour  chaque  critdre,  I'analyse  se  fait  par  Stapes,  appelSes  categories  qui  sont  : 

CATEGORIE  5 ; Analyse  au  niveau  de  projet. 

CATEGORIE  4 : Analyse  tenant  compte  des  caractSristiques  de  mater iaux  obtenues  par  essais  sur  Sprouvettes. 
CATEXiORlE  3 ; Analyse  de  la  catSgorie  4 confirmee  par  les  rSsultats  aerothermodynamiques  moteur- 
CATEGORIE  2 ; Analyse  3 compietee  par  les  caracteristiques  des  materiaux  obtenues  sur  Sprouvettes  attenantes. 
CATEGORIE  1 : Analyse  pour  extension  des  performances  du  moteur. 

Les  moyens  utilises  pour  determiner  les  concentrations  de  contrainte  font  appel  Si  des  techniques 
. trds  sophistiquSes  telles  que  : 

- analyse  par  elements  finis 

- analyse  de  concentration  de  contrainte  par  photoeiasticimetrie. 

Cette  methode, trSs  developpee  Si  la  SNECNA  pour  1 'etude  des  pidces  fortement  sollicitees  (roues 
de  turbine  et  de  compresseur) ,permet  de  mesurer  les  contraintes  et  plus  particulierement  les  concentrations 
de  contrainte  difficilement  accessibles  au  calcul.  Elle  utilise  les  proprietes  eiastiques  particul i^res  de 
I'araldite  qui  fige  les  contraintes  consecutives  a la  raise  en  charge.  L'examen  en  lumiSre  polarisee  perraet 
de  determiner  la  direction  et  I'intensite  des  contraintes  principales. 


L 
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Les  essais  d'endurance  sur  moteur  ddfinis  sur  la  oase  d’essais  cycliques  pcimettent  de  reproduire 
au  mieux  les  conditions  d'an^litude  de  deformation  sur  le  fonctionnement  de  la  turbine  HP  3 partir  du  cycle 
de  vol  de  la  mission  conmerciale-type  (figure  IB). 


FK.  w ‘ ' 

^CFM56..  REPARTITION  DE  TEMPERATURE  SUR  LE  DISQUE  HP 
DURANT  LE  CYCLE  COMMERCIAL  TYPE 


Ces  conditions  tiennent  con^ite  : 

- des  gradients  thermiques 

- des  charges  aerodynamiques  sur  les  arbres 

- des  charges  sur  les  brides  de  fixation 

- des  temperatures  reelles  des  materiaux 

- des  charges  centrifuges. 

Les  figures  2A  et  2B  decrivent  respectivement  le  cycle  d'endurance  et  les  temperatures  obtenues 
sur  le  disque  de  turbine  HP.  Le  temps  d'arret  du  moteur  entre  deux  cycles  a ete  determine  par  les  conditions 
de  temperature  entre  la  jante  et  I'aiesage  du  disque  HP,  ce  qui  a pour  effet  de  reproduire  les  amplitudes 
de  deformation  des  contraintes  maximales. 


TEMPERATURE 
DU  DISQUE 


^ CFM56..  REmRTITION  DES  TEMPERATURES  DE  TURBINE  HP 
^ AU  COURS  DES  CYCLES  D'ENDURANCE 


S-5 


La  coiiiparaison  avec  les  cycles  d 'endurance  cffectucs  sur  le  nioteur  CIb  montre  que  le  cycle  choisi 
pour  le  CFMS6  (Figure  3)  conduit  a : 

- des  terai^eratures  de  regime  de  dccollage  durant  une  periode  plus  longue 

- des  conditions  plus  sSveres,  imposees  par  le  maintien  d'un  niveau  de  poussee  plus  61ev6  aprds 
1' inversion  de  poussee 

- des  transitoires  plus  sSv&res 

- un  temps  de  refroidissement  entre  deux  cycles  plus  long  ayant  pour  effet  d'augmenter  les 
gradients  thermiques. 
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^CFM56.-C0MPARAIS0N  AVEC  LE  CYCLE  D'ENDURANCE  DU  CF6 


De  plus  au  cours  de  ces  essais  cycliques,il  est  prevu  de  faire  fonctionner  le  moteur  avec  des 
baloutds  superieurs  3 ceux  normalement  toleres,  a des  temperatures  de  composants  plus  dlevdes  que  celles  que 
I'on  rencontrera  en  utilisation  normale  et  avec  les  cquipements  fonctionnant  au-dela  de  leur  charge  nominale 

A la  certification  11  500  cycles  d'endurance  auront  dtc  realises  et  devront  permettre  d'eviter  les 
problemes  a la  mise  en  scnicc  du  CFM56  ou  d'en  limiter  les  consequences. 

3.  - OBJECTIFS  DE  MAIiVTIiNANCE 


Parallelement  aux  efforts  mis  on  oeuvre  pour  ;mieliorer  la  fiabilitc  du  moteur,  les  6quipes  de 
maintenance  ont  participc  3 I 'elaboration  et  au  dcvcloppement  des  concepts  de  maintenance  tant  en  ce  qui 
conceme  les  criteres  d'accessibilite  et  d' intcrchangeabilitc,  que  les  methodes  de  suivi  de  la  santd  du 
moteur. 


Cette  approche  est  mence  3 bien  par  les  methodes  sun'antes  : 

- Revue  ddtaillde  des  dessins  du  moteur  permetiant  d'analyser  par  lui  diagraiirie  logique  de  main- 
tenance, le  demontage  du  moteur. 

Cette  analyse  couvre  tons  les  niveaux  de  nwintenance,  et  est  suivie  par  une  analyse  technique 
de  la  conception  du  moteur  sous  I'angle  maintenabil ite,  permettant  de  determiner  le  degrd  de 
credibilite  en  fonction  des  objectifs  fixes.  Cette  etude  a comnened  trds  t6t  dans  le  progranine 
de  ddveloppement  afin  d'incorporer  les  modifications  de  conception  au  cours  des  diffdrentes 
versions  du  moteur,  de  prevoir  les  etudes  d'outill.ages  et  de  faciliter  les  opdrations  de  rd- 
paration. 

- Analyse  logique  des  pannes  potentielles  permettant  une  optimisation  du  programme  de  mai.itenance 
(MSG).  Cette  dtude,ddveloppee  par  les  ccmipagnics  adriennes  sur  le  BOEING  747, est  devenue  une  pro 
cedure  obligatoire  pour  la  constitution  et  la  presentation  du  prograitric  de  Maintenance.  Elle 

a pour  but  do  vdrifier  en  ddtail  et  dans  I'ordre,  les  points  suiv;mts  ; 

- identifier  les  systdmes 

- identifier  les  pannes  et  leurs  effets 

- ddterminer  les  actions  3 niener  on  ce  qui  concerne  la  sdcuritd  ou  les  fonctions  cachdes 

- ddterminer  parmi  toutes  les  possibilitds,  celles  qui  sont  les  plus  dconomiques. 

- Vdrification  tout  au  long  du  developperoent  sur  les  moteurs  en  essais. 

a)  de  I ' interchangeabil itd  modulaire  en  essayant  d'utiliser  au  plus  t6t  les  outillages  de  serie 
de  fai;on  8 les  validcr 
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b)  des  solutions  de  reparation  y ccmpris  le  reconditionnement  des  revStements  de  protection 

c)  des  durdes  des  diffdrentes  interventions  realisables  sur  un  moteur  avionnS. 

i.aiiir.e  dSja  soulign#  precedaiment  la  presentation  du  moteur  aux  compagnies  aeriennes  a permis 
d'etablir  un  echange  fructueux  entre  utilisateurs  et  concepteurs  dans  les  doinaines  de  perfoniiances , des 
systemes,  de  la  technologie  ou  de  la  maintenance.  Les  ccmpagnies  aeriennes  ont  ete  tenues  informees  des 
mcdifications  apportees  sur  le  moteur  tout  au  long  de  I'avancement  du  programne.  GENERAL  ELECTRIC  et  la 
SNE01A  ont  incorpore  environ  une  centaine  de  modifications  dont  certaines  resultent  des  differentes  reunions 
avec  les  compagnies  aeriennes  americaines  et  europeennes. 

Les  deux  concepts  de  base  qui  ont  ete  adoptes  sont  ; 

- de  substituer  3 la  maintenance  programmee,  une  maintenance  selon  I'etat  utilisant  des  techniques 
de  suivi. 

- d’assurer  une  trds  bonne  modularite  et  reparabilite. 

3.1.  - TECHNIQUES  DEVELOPPEES  POUR  LA  MAINTENANCE  SELON  I.'ETAT 

Les  techniques  de  controle  et  suivi  ont  ete  coni;ues  pour  satisfaire  aussi  bien  une  utilisation 
manuelle  qu' automat ique  par  des  syst&nes  embarques  tels  que  A.I.D.S.  Les  equipements  et  dispositifs 
techniques  ainsi  que  toutes  les  procedures  d'utilisation  sont  en  cours  d'evaluation  et  fpnt  partie  inte- 
grante  du  developpement,  une  partie  essentielle  est  la  recherche  des  signatures  de  pannes.  Toutes  les 
signatures  de  pannes  etablies  durant  les  essais  de  developpement  permettront  d'eiaborer  les  guides  de  re- 
cherche de  pannes  qui  seront  foumis  aux  utilisateurs  dds  la  certification  du  moteur. 

SUIVI  DES  PERFORM. uNCES. 


Une  raethode  de  diagnostic  est  eiaborde  au  cours  des  essais  de  developpement  3 partir  des  para/ndtres 
selectionnes  pour  la  verification  des  performances  du  moteur.  L'analyse  realisee  selon  cette  m6thode  pourra 
etre  faite  soit  en  vol.en  utilisant  les  indications  donnees  3 la  cabine  ou  par  1 ' intermediaire  de  syst&nes 
embarques,  soit  au  sol  en  utilisant  des  sondes  compiementaires,  ameiiorant  le  diagnostic.  Le  moteur  comprend 
tous  les  bossages  pour  installer  les  sondes  necessaires. 

Les  parametres  retenus  pour  le  suivi  des  performances  en  plus  des  pararaStres  obligatoires  sont  ; 

- press ions  amont  et  aval  soufflante 

- press ion  et  temperature  d' entree  compresseur  HP 

- pression  et  temperature  de  sortie  compresseur  HP 

- pression  et  temperature  de  sortie  turbine  BP 

I.a  methode  de  diagnostic, basde  sur  I'evolution  de  coefficients  d' influence, mi se  au  point  au  cours 
du  developpement .permettra  d'isoler  le  module  eventuellement  en  cours  de  deterioration,  pouvant  affecter  les 
performances.  Les  guides  de  recherche  de  pannes  seront  eiabores  en  tenant  compte  des  constatations  sur  les 
piSces  moteur  aprds  essais.  I.a  possibilite  d'isoler  les  modules  affectant  les  performances  permettra  aux 
utilisateurs  de  connaitre  3 tout  moment  I'dtat  de  I'ensemble  du  pare  pour  Eventuellement  programner  3 I'avance 
les  opErations  de  dEpose  moteurs  ou  entreprendre  les  actions  correctives  sur  I'aile,  ou  encore  de  donner  les 
prEcisions  sur  les  rEparations  nEcessaires  en  limitant  1 ' indisponibilitE  de  I'avion. 

SUIVI  VIBRATOIRE  DU  MOTIJIR. 


Le  suivi  vibratoire  des  moteurs  sur  les  avions  actuels  n'a  pas  toujours  rEpondu  aux  besoins  des 
utilisateurs,  en  raison  particuli&reracnt  de  la  fiabilitE  des  accElEromdtres,  et  des  problEmes  liEs  3 la 
transmission  des  signaux.  Sur  le  CFMSe,  le  dEveloppement  de  la  chaine  de  vibration  fait  partie  intEgrante 
du  programne  moteur  et  un  soin  particulier  a EtE  apportE  sur  1 'amElioration  de  la  fiabilitE  de  tous  les 
ElEments  composant  la  chaine. 

L'emplacement  et  les  caractEristiques  des  capteurs  ont  EtE  choisis  3 partir  de  I'expErience  ac- 
quise  avec  les  mesures  vibratoires  faites  sur  le  moteur  pour  les  besoins  du  dEvelopponent. 

Le  moteur  comportera  les  amenagements  permettant  d'incorporer  les  capteurs  piezo-Electriques  de 
grande  sensibilitE  sur  les  principaux  paliers  du  moteur  et  le  support  des  Equipements. 

En  dehors  du  suivi  de  la  tranquilitE  de  marche  du  moteur,  la  chaine  de  mesure  des  vibrations  per- 
mettra de  dEtecter  : 

- des  balourds  de  toutes  les  parties  toumantes,  et  par  consEquent  les  dEgradations  de  performances 
rEsultant  de  1' augmentation  des  jeux  entre  rotors  et  stators 

- des  avaries  de  paliers 

- des  dEgradations  de  pignons,  roulements  de  I'ensemble  de  la  chaine  cinEmatique 

- des  dEfectuositEs  d' Equipements. 

De  plus,elle  permettra  d'effectuer  les  opErations  d'Equilibrage  dynamique  de  la  soufflante. 

Les  guides  de  recherche  de  pannes  donneront  les  signatures  de  pannes  observEes  au  cours  du  dEve- 
loppement  ainsi  que  les  consignes  aux  utilisateurs  sur  les  valeurs  des  charges  dynamiques  au-del3  desquelles 
le  potentiel  des  piEces  moteur  est  affectE. 

SURVEILLANCE  DU  CIRCUIT  D'HJILE 

Le  circuit  d'huile  du  CFMS6  comporte  une  rEcupEration  sEparEe  pour  chaque  enceinte  sur  laquelle 
est  incorporE  un  piEge  3 particules  cemprenant,  un  bouchon  magnEtique  et  un  filtre  dans  un  ensemble  self- 
obturateur. 
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Cette  fonction  est  assurfie  par  le  module  de  lubrificption  qui  groupe  la  totality  des  ponq)es  et 
facilite  les  operations  de  maintenance.  Cette  mSthode  permet  de  surveiller  I'Stat  des  pidces  baignSes  par 
I'huile,  et  le  guide  de  recherche  de  pannes  donnera  toutes  les  indications  permettant  d'isoler  la  piece 
6ventuellement  dSterioree. 

AssociSe  a cette  methode,  1 'analyse  spectrometrique  de  I'huile  permet  de  donner  des  renseignements 
conpl&nentaires  tels  que  la  vitesse  de  pollution,  renseignant  sur  les  usures  lentes  des  pidces  sounises 
au  frottement.  L'orifice  de  prSldvement  prgvu  pour  1 'analyse  spectrcmetrique  se  situe  sur  le  reservoir 
d'huile  et  est  congu  pour  etre  utilisfi  sans  outillage  particulier. 

EXAMEN  ENDOSCOPIQUE 

Le  moteur  CIM56  a fait  I'objet  d'une  attention  particulidre  sur  le  notnbre  des  orifices  endoscopi- 
ques.  23  orifices  sur  1 'ensemble  du  moteur  sont  prfivus,  qui  se  dficomposent  conme  suit  : 

- 1 sur  le  compresseur  BP 

- 9 sur  le  compresseur  HP 

- 6 sur  la  chambre  de  combustion  et  la  turbine  haute  pression 

- 7 sur  la  turbine  basse  pression  dont  4 sur  le  pronier  distributeur. 

Des  endoscopes  de  diamdtre  6gal  3 10  inn  pourront  etre  utilises  sur  la  plupart  des  orifices,  per- 
mettant un  examen  suffisanment  prficis  dans  le  cadre  des  operations  de  maintenance  en  ligne. 

L'excellente  accessibility  des  orifices  permettra  1 'utilisation  de  syst&nes  tei6-endoscopiques, 
araeiiorant  les  conditions  de  detection  de  defaut  et  reduisant  les  temps  d' inspection. 

Une  procedure  complete ,mise  au  point  au  cours  du  developpement,  sera  foumie  aux  utilisateurs 
avec  les  guides  de  recherche  de  pannes  correspondants . 

EXAMEN  GANWAGRAPHIQHE 

L'examen  gamnagraphique  du  CFM56  permet  de  verifier  les  parties  internes  du  moteur  sans  desassera- 
blage.  Cette  operation  est  facilitee  par  la  possibilite  d'introduire  soit  par  I'avant,  soit  par  I'arrjere 
le  tube  porte-source  3 I'interieur  de  I'arbre,  aprds  depose  d'un  simple  obturateur. 

Cet  examen  complete  les  rdsultats  des  autres  methodes  d' analyse  avant  une  interv'ention  sur  le 

moteur. 


Des  essais  sont  repartis  au  cours  du  progranme  et  permettront  de  demontrer  les  possibilites  de 
l'examen  gamnagraphique  sur  I'ensemble  du  moteur  et  d'etablir  les  procedures  d'utilisation  et  les  images  des 
avaries  type. 

3.2.  - CONCEPTION  MODULAIRE  1X1  ^CTEUR. 

L'efficacite  de  la  maintenance  a ete  reellement  ameiioree  par  une  conception  modulaire  des  motcurs 
associee  3 des  methodes  de  diagnostic  plus  rigoureuscs. 

La  conception  du  moteur  Cf'M56  correspond  a une  seconde  generation  de  ce  point  de  vue.  Les  modules 
constituent  des  ensembles  independants  3 un  niveau  suffisamment  petit  pour  satisfaire  les  differentes  options 
possibles  des  utilisateurs.  L' interchangeabilite  modulaire  mecanique  et  fonctionnelle  a etc  soignee  et  de 
plus,  est  facilitee  par  1 'utilisation  de  la  technique  de  1 'dquilibrage  modulaire.  Le  moteur  CFM56  pcssede 
quatre  ensembles  iiuijeurs  qui  sont  ; 

- I'ensemble  de  soufflante 

- le  corps  haute  pression 

- la  turbine  basse  pression 

- le  carter  des  equipements. 

Chacun  de  ces  ensembles  est  constitue  d'un  nombre  de  modules  qui  peuvent  Stre  associes  entre  eux 
suivant  les  desirs  de  1 'utilisateur. 

L'ensemble  de  soufflante  est  compose  de  4 modules  qui  sont  respectivenvent,  le  rotor  de  soufflante 
compresseur  BP,  le  support  de  palier  1 - 2,  la  structure  de  soufflante,  la  prise  de  mouvement. 

Le  corps  haute  pression  est  compose  de  7 modules.  Le  rotor  de  turbine  HP,  la  chambre  de  combus- 
tion et  le  distributeur  HP  peuvent  6tre  remplaces  sur  I'aile.  Les  carters  des  compresseurs  en  deux  parties 
procurent  une  accessibility  except ionne lie. 

La  turbine  BP  se  compose  de  4 modules  ; le  distributeur  constituant  3 lui  soul  un  module,  ce  qui 
permet  le  remplacement  de  secteurs  du  distributeur  sans  d6sassembler  la  turbine  BP. 

Les  principales  caracteristiques  de  conception  facilitant  les  operations  de  maintenance  sont  : 

- les  aubes  de  soufflante  remplagables  par  paires 

- les  aubes  du  redresseur  de  soufflante  remplagables  individuellement 

- des  amenagements  pour  I'equilibrage,  trds  aisement  accessibles  sur  toutes  les  pidees  toumantes 

- des  surfaces  de  reference  prevues  sur  toutes  les  pidees  pouvant  necessiter  une  reparation 

- des  surepaisseurs  pour  la  reparation  sur  toutes  les  brides. 
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4.  - CONCLUSION 


I,  annSes  de  cooperation  entre  GE  et  la  SNEOIA,  le  prograimie  de  develoDoement 

‘)94rhPur,>^'!!rL®^^  respecte  ; 204S  heures  de  fonctionnement  ont  6x6  realisees  3 fa  date  du  SO/IO^yT^ijr 
1945  heures  prevues.  Les  modifications  apportees  sur  les  raoteurs  005  et  006  3 partir  de  I’analyse  des 
essais  partiels  ou  complets  des  moteurs,  contribuent  3 I'approche  de  la  definition  du  moteur  de  sdrie. 

ai  Y mill  conbines  3 1 'analyse  de  fiabilite  des  composants  du  moteur  CFM56  associes 

de  mai^cfdersTmLfen  fewicl.'^'^  moteur  .concourront  3 diminuer  la  frequence  des  interventions 
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This  paper  describes  reliability  and  maintainability  criteria  intro- 
duced in  the  CFM  56  turbofan  engine,  jointly  developed  by  General  Electric  and 
SNECMA  within  the  framework  of  the  program  managed  and  marketed  by  CFM  Inter- 
national. The  objectives  of  this  program  is  to  accumulate  enough  experience 
through  development  to  provide  operators  with  a mature  engine  as  soon  as  entry 
into  service.  To  meet  this  objective,  7500  operating  hours  are  planned  before 
engine  certification,  a large  part  of  this  running  time  being  assigned  to  accu- 
mulation of  severe  cycles  providing  a realistic  simulation  of  actual  service. 
Simultaneously,  to  achieve  minimized  maintenance  costs  through  high  repairability 
accessibility,  modularity  and  interchangeability  features  have  been  considered 
at  the  early  design  stage.  Through  a methodical  accumulation  of  data  observed, 
diagnosis  procedures  will  be  developed,  and  trouble  shooting  guides  will  be 
made  available  to  operators  as  soon  as  the  engine  enters  commercial  service. 

GENERAL 

The  CFM56  engine  developed  by  General  Electric  and  SNECMA,  within 
the  framework  of  a program  managed  and  marketed  by  CFM  International  is  an 
advanced  turbofan  in  the  10-ton  class.  This  high  bypass  twin  shaft  turbofan 
has  been  designed  to  meet  the  airline  requirements  through  an  improved 
reliability,  an  out-standing  maintainability,  a high  thrust-to-weight  ratio, 
a low  specific  fuel  consumption,  a noise  level  below  the  new  regulation 
limits  and  a low  pollution  level. 

The  CFM56  combines  first  a core  logging  more  than  12000  hours  of 
operation  at  turbine  inlet  temperatures  even  higher  than  the  CFM56  level  - 
this  is  the  core  used  in  the  F 101  engine,  powering  the  B1  aircraft  - and, 
second,  a low  pressure  system  using  the  experience  gained  from  LARZAC,  M45H, 

CF6-6  and  CF6-50  engines. 

This  new  generation  engine  has  been  the  subject  of  a very  careful 
attention  to  facilitate  and  reduce  maintenance  operations,  through  a real 
modular  breakdown  associated  to  simultaneously  developed  failure  diagnosis 
techniques . 

1 - SUMMARIZED  DESCRIPTION 


The  CFM56  is  a 6 to  1 bypass  ratio  turbofan.  This  engine  features 
a variable  stator  HP  compressor,  and  an  air-cooled  turbine.  The  low  pressure 
rotor  system  includes  one  fan  stage  and  a three-stage  LP  compressor  driven 
by  a four-stage  turbine.  The  high  pressure  rotor  system  includes  a nine-stage 
compressor  driven  by  a single-stage  turbine.  The  two  rotor  systems  rotate  on  j 

five  bearings  supported  by  two  main  frames,  namely  the  fan  frame,  incorpora-  j 

ting  three  bearings,  and  the  turbine  frame,  incorporating  the  rear  bearing  | 

and  the  inter-shaft  bearing  supporting  the  HP  turbine.  Thrust  loads  are  taken  ■ 

at  the  fan  frame,  and  moment  loads  about  the  engine  centerline  can  be  taken 
by  either  main  frame. 
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The  fan  stage  incorporates  tip-shrouded  blades  fitted  to  an  annular 
disc.  The  three  LP  compressor  blade  stages  are  installed  in  axial  dovetail 
slots  machined  in  a drum,  similar  to  the  M45H  arrangement. 

The  fan  frame,  which  is  the  major  structural  component  of  the  engine, 
has  the  adequate  inherent  stiffness  required  to  control  rotor/stator  clearances 
in  limit  load  conditions  -thrust  loads,  aerodynamics  loads,  etc...  This  struc- 
ture has  been  designed  to  withstand  stresses  resulting  from  a fan  blade  loss. 

The  fan  outlet  guide  vane  assembly  is  fitted  at  the  fan  frame  front  end. 

The  HP  compressor  is  made  in  three  sections  : rotor  stages  1 and  2 
as  an  integral  drum,  rotor  stage  3 as  an  individual  disk,  and  a rear  drum 
for  stages  4 to  9.  novetail  blade  attachment  is  use.  on  stages  1-2  and  3, 
while  a peripheral  slot  design  similar  to  the  CFG  configuration  is  used  on 
stages  4 to  9.  Inlet  guide  vanes  and  stator  stages  1-2  and  3 are  variable, 
and  controlled  by  hydraulic  jacks.  The  compressor  casing  front  section  is 
made  of  titanium,  and  the  rear  section  of  CR.Ni  Alloy  each  section  being 
designed  as  two  half-shells. 

The  single  stage  HP  turbine  blades  and  vanes  are  air-cooled.  Seal- 
support  disks  are  mounted  from  HP  compressor  and  turbine  to  shaft  couplings 
to  provide  a satisfactory  control  of  leaks  between  the  compressor  and  the 
turbine. 


The  combustor  is  a very  short  low  pressure  injection,  annular 
design.  The  emission  level  from  this  combustor  meets  the  applicable  regu- 
lations. 


The  LP  turbine  nozzle  guide  vane  assembly  is  air-cooled  and  cons- 
titutes a complete  individual  unit. 

The  four-stage  LP  turbine  rotor  is  a bolted-f lange  design,  flange 
location  being  achieved  by  fitted  bolts.  The  turbine  rotor  is  driven  by  a 
conical  shaft  from  the  joint  flange  between  stage  2 and  3 disks.  The  one- 
piece  turbine  casing  is  attached  to  the  polygonal  turbine  frame. 

Forward  and  aft  sumps  are  pressurized  with  air  bleed  from  the 
HM  compressor  inlet  and  through  a center -vent  tube. 

The  accessory  gearbox  is  driven  from  the  core  engine  rotor.  Inlet 
gearbox,  located  right  in  the  fan  frame  center,  forms  a fully  separate 
module.  The  transfer  gearbox  and  accessory  gearbox  are  located  at  the  6 
o'clock  position  to  facilitate  installed  accessibility.  External  dressing 
items  have  been  laid  out  to  suit  the  engine  modular  breakdown  and  accessi- 
bility to  line  replacement  units. 

From  current  high  bypass  turbofans,  the  CFM56  is  the  engine  incor- 
porating the  smallest  number  of  components  : 34  % less  than  the  CF6-50,  for 
instance. 


2 - DEVELOPMENT  PROGRAM 

2.1  - PROGRAM  PLAN  AND  TEST  STATUS 

Based  on  certification  testing,  the  CFM56  engine  development  program 
has  been  prepared  to  meet  reliability  objectives  by  overspeed,  over temperature, 
vibration  and  distorsion  tests  scheduled  in  the  certification  program  and  by 
adapting  endurance  cycles,  to  the  actual  conditions  of  an  even  more  severe 
typical  mission  contributing  to  clearing  design  changes  long  before  certification. 


Maintenance  techniques  such  as  modular  interchangeability,  clearance 
of  repair  schemes,  monitoring  techniques  are  also  tested  on  development  engines. 

Initial  tests  of  the  first  CFM  56  engine  took  place  in  June  1974. 

Full  power  was  reached  after  10  hours  of  testing  only.  In  October  1976,  2000 
hours  of  operation  had  been  logged  with  6 engines.  Two  of  these  are  currently 
being  installed  on  two  aircraft  ; the  M.D.  Douglas  YC  15  AMST  prototype  and 
SNECMA's  Caravelle  Flying  test  bed.  As  part  of  certification  work,  a large 
number  of  rig  testing  has  been  already  carried  out,  including  containment 
and  foreign  body  ingestion  tests  which  provided  information  on  integrity  of 
components  submitted  to  extreme  loads,  and,  in  some  instances,  have  resulted 
in  the  application  of  design  changes  well  ahead  of  the  certification  date. 

In  this  connection,  the  engine  front  end  mechanical  design  is  directly 
issued  from  actual  tests.  Global  testing,  with  true  reproduction  of  engines 
parameters,  has  been  carried  out  in  a component  test  rig.  Several  projectile 
kinds  have  been  used  : 

- hailstones  1 and  2 in. 

-•  ice  slabs  (1  x 4 x 6 in.)  and  (1  x 3 x 16  in.) 

- medium  birds  (1,5  lb) 

- large  birds  (4  lb) 

- tire  thread 

52  shots  have  been  made,  10  of  which  on  a complete  fan  wheel.  In 
addition,  a containment  test  has  been  carried  out  for  the  first  time  on  an 
engine  with  deliberate  failure  of  one  fan  blade  at  the  root. 


2.2  - OBJECTIVES 


The  engine  technical  requirement  in  terms  of  performance,  weight, 
reliability,  maintainability  have  been  established  on  the  basis  of  the  back- 
ground experience  gained  on  other  engines,  and  also  by  introducing  the  latest 
aircraft  manufacturer  and  airline  requirements.  In  this  connection,  the 
engine  has  already  been  presented  to  major  aircraft  manufacturers  and  airlines 
during  several  meetings. 

In  the  same  context,  the  CMF56  design  life  for  the  major  engine 
components  corresponds  to  a considerable  number  of  cycles  : in  all  cases, 
the  first  removal  must  not  be  required  before  the  second  half  of  the  over- 
all component  life.  For  rotating  components,  the  first  requirement  is  met 
by  making  sure  that  a pre-determined  size  defect  which  could  remain  unde- 
tected by  usual  inspection  methods  will  not  propagate  to  failure  before  the 
next  removal. 

The  commercial  cycle  selected  corresponds  to  a one-hour  cycle 
representative  of  typical  short  range  operation,  and  leads  to  the  most 
adverse  conditions  as  far  as  engine  ageing  is  concerned. 

The  objective  is  to  reproduce  strain  range  conditions  of  the  whole 
engine,  representative  of  a typical  flight  cycle.  Hot  section  components  and, 
in  particular,  the  HP  turbine  being  the  most  critical  components  from  this 
point  of  view,  the  cycle  has  been  based  on  tlie  following  conditions  being 
met  : 


- HP  turbine  operating  conditions 

- HP  turbine  disk  temperature 

- reproduction  of  strain  range  corresponding  to  measured  temperature 
gradient. 

This  flight  cycle  is  shown  by  figure  lA. 

ENGINE  POWER  LEVEL 


TAKEOFF  r22 


CLIMB  20’ 


THRUST  REVERSE  0’08 


CRUISE  19’ 24 


DESCENT  14’ 


LANDING  2' 


MANEUVER  3’ 


IDLE  TAXI  5’  I 


- ACCELERATION  0’17 


FLIGHT  IDLE  0!04  U 

r 

ACCELERATION  O’.OB 
DECELERATION  0’.17  ► 


IDLE  TAXI  5’ 


TIME  IN  SERVICE-ONE  CYCLE : 60  min 


CFM  56 TYPICAL  COMMERCIAL  CYCLE 


Climb  constitutes  a large  portion  of  the  complete  cycle,  correspon- 
ding to  temperature  conditions  affecting  the  component  low  cycle  fatigue  life. 
Reserve  thrust  sequence  has  also  been  considered  to  introduce  the  engine  dece- 
leration and  re-acceleration  related  to  thrust  reverser  selection. 


2.3  - MEANS  USED  TO  MEET  THESE  OBJECTIVES 


Means  used  during  the  development  program  will  provide  confirmation 
that  life  objectives  are  met,  and  identification  of  fatigue  problems  in  order 
to  prevent  in-service  failures  during  initial  years  of  service.  This  analysis 
is  based  on  the  combination  of  calculation  and  test  data, 

The  following  criteria  are  included  in  the  design  : 

- creep 

- low  cycle  fatigue 

- crack  growth 

- over speed 

- buckling 

- functional  troubles  detected  by  failure  analysis. 
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For  all  these  criteria,  the  analysis  method  considers  the  typical 
commercial  mission  profile,  ambient  temperature,  and  engine  degradation  with 
the  number  of  cycles. 


For  each  criteria,  this  analysis  includes  several  steps  correspon- 
ding to  the  following  categories  : 


Category  5 
Category  4 

Category  3 


Analysis  at  the  project  design  stage 

Analysis  introducing  material  property  data  obtained  on  test 
pieces 

Analysis  to  category  4 confirmed  by  aero-thermodynamic  engine 
data 


Category  2 
Category  1 


Analysis  to  category  3,  with  additional  material  property  data 
obtained  on  attached  test  pieces 

Engine  performance  growth  analysis. 


Highly  sophisticated  techniques  - e.g.  finite  element  analysis 
and  photoelasticimetry  are  applied  to  investigate  stress  concentrations. 
Photoelasticimetry,  a method  widely  developed  by  SNECMA  to  investigate 
highly  stressed  parts,  is  used  to  measure  stresses  and,  in  particular, 
stress  concentrations  which  cannot  easily  be  predicted  by  calculation. 
This  method  is  based  on  special  properties  of  araldite,  whereby  stress 
patterns  can  be  "frozen"  after  loading.  Analysis  of  such  patterns  under 
polarized  light  shows  up  direction  and  magnitude  of  main  stresses. 


Engine  endurance  tests  defined  on  the  basis  of  cyclic  tests  will 
provide  the  best  possible  simulation  of  strain  range  effects  on  HP  turbine 
operation  in  flight  conditions  corresponding  to  the  typical  commercial 
mission  (see  Fig.  IB) . 


^ CFM56_  LIFE  VERIFICATION 


A 


1 
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These  effects  include  : 

- temperature  gradients 

- aercxdynamic  load  on  shafts 

- loads  on  attaching  flanges 

- actual  material  temperatures 

- centrifugal  loads. 

The  endurance  cycle  and  temperatures  measured  on  the  HP  turbine  disk 
are  shown  by  figures  2A  and  2B  respectively.  The  engine  shutdown  time  between 
two  successive  cycles  has  been  established  on  the  basis  of  temperature  condi- 
tions between  the  HP  disk  web  and  bore,  which  consequently  will  reproduce  the 
strain  range  of  maximum  stresses. 


DISK 

TEMPERATURE 


1 - — - -I 

0 10  20  30  40  SO 

TIME  [MINUTES] 

FIG.  <i8 


^ CFM56..  HP  TURBINE  TEMPERATURE  DISTRIBUTIONS 
^ DURING  'C  ' CYCLE 


Comparison  with  the  CF6  engine  endurance  cycles  shows  that,  with 
the  CFM56  (figure  3) 

- the  take  off  temperature  is  used  for  a longer  period  of  time 

- conditions  are  more  severe,  because  of  the  higher  thrust  !• . 
after  thrust  reversal 

- more  severe  transients 

- the  cooling  down  time  between  successive  cycles  is 
causing  higher  temperature  gradients. 
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^ CFM56._  SIMULATED  SERVICE  CYCLE  ( "C"  CYCLE  ) 


In  addition,  these  cyclic  tests  will  include  engine  running  with 
unbalance  levels  higher  than  those  normally  acceptable  and  with  component 
temperatures  above  those  of  normal  service. 

At  certification,  11500  endurance  cycles  which  will  have  been 
made,  should  provide  solution  to  problems  expected  in  service. 


3 - MAINTAINABILITY  OBJECTIVES 


Simultaneously  with  work  made  to  improve  engine  reliability, 
maintenance  teams  took  part  to  design  and  development  of  maintenance  concepts 
both  in  terms  of  interchangeability  and  accessibility  criteria,  and  of  engine 
health  monitoring  methods. 

This  exercice  is  being  successfully  developed  through  the  applica- 
tion of  the  following  methods  : 

- Detail  review  of  engineering  drawings  to  analyse  engine  disassem- 
bly sequence  through  a maintenance  logic  diagram. 

All  maintenance  levels  are  covered  by  this  analysis,  which  is 
followed  by  a maintainability  oriented  engine  design  analysis 
to  determine  how  realistic  the  objectives  are.  This  exercise  has 
been  started  quite  early  in  the  program,  in  order  to  introduce 
design  changes  progressively  in  the  various  engine  versions,  to 
prepare  tooling  studies  and  to  facilitate  repair  operations. 
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- Logic  analysis  of  potential  failures,  providing  an  optimization 
of  the  maintenance  program  (MSG) , This  procedure  has  been  develo- 
ped by  Airlines  for  the  Boeing  747  aircraft,  and  is  now  mandatory 
for  the  preparation  and  submission  of  the  maintenance  program. 

Its  purpose  is  to  provide  a detailed  check  of  the  following  items  : 

- systems  identification 

- identify  failures  and  their  effects 

- determine  actions  related  to  safety  or  hidden  functions 

- determine  the  most  economical  alternatives, 

- During  the  development  program,  the  test  engines  have  been  used  to 
verify  : 

a)  module  interchangeability,  while  attempting  to  try  out  production 
tooling  as  early  as  possible 

b)  repair  and  reconditioning  schemes 

c)  man-hours  required  to  carry  out  various  operations  on  an  installed 
engine. 

As  already  stated,  when  the  engine  has  been  presented  to  airlines,  a 
useful  exchange  of  information  has  been  established  between  operators  and  desi- 
gners in  such  varied  fields  as  performance,  systems,  mechanical  design  and  main- 
tenance, Airlines  have  been  kept  informed  of  changes  introduced  as  the  program 
was  proceeding.  General  Electric  and  SNECMA  have  introduced  about  a hundred  changes 
some  of  which  were  the  result  of  various  meetings  held  with  U.S,  and  European 
Airlines. 

The  two  basic  concepts  adopted  are  : 

- scheduled  maintenance  replaced  by  on-condition  maintenance  supported 
by  monitoring  techniques 

- to  provide  a high  degree  of  modularity  and  repairability. 


3,1  - TECHNIQUES  DEVELOPED  FOR  ON-CONDITICa^  MAINTENANCE  INPLEMENTATION 

Monitoring  techniques  have  been  developed  to  meet  both  the  requirements 
of  manual  and  automatic  on-board  systems  - A.I.D.S.  - Monitoring  equipment  and 
operating  procedures  are  being  evaluated  as  an  integral  part  of  the  engine 
development  program.  Identification  of  failure  signatures  is  an  essential  part 
of  this  exercice.  All  failure  signatures  identified  during  development  test  will 
be  used  to  prepare  trouble-shooting  guides  available  for  operator's  use  as  soon 
as  engine  certification  is  obtained, 

PERFORMANCE  MONITORING 


A diagnosis  method  is  worked  out  during  development  tests  from  para- 
meters selected  for  performance  monitoring.  Engine  performance  analysis  based 
on  this  method  can  be  made  either  in  flight  from  flight  deck  data  or  by  means 
of  on-board  systems,  or  on  the  ground  by  means  of  additional  probes  in  order  to 
achieve  a more  detailed  diagnosis.  The  engine  incorporates  all  bosses  required 
to  fit  the  appropriate  probes.  / 

The  following  parameters  have  been  selected  for  performance  monitoring 
in  addition  to  data  mandatorily  used  ; 
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- fan  inlet  and  outlet  pressure 

- temperature  and  pressure  at  core  compressor  inlet 

- temperature  and  pressure  at  core  compressor  delivery 

- temperature  and  pressure  at  LP  turbine  delivery. 

The  diagnosis  method,  based  on  the  variation  of  coefficients  of 
influence,  established  during  the  development  program  will  enable  any  faulty 
module  to  be  identified.  Trouble  shooting  guides  will  be  prepared  on  the 
basis  of  engine  component  condition  subsequent  to  testing.  Through  identifi- 
cation of  modules,  operators  will  be  able  to  know  at  any  time  the  condition 
of  all  engines,  and  to  predict  engine  removals  or  to  make  "on  wing"  correc- 
tive actions,  or  to  provide  information  on  repairs  required  with  a minimized 
effect  on  aircraft  availability. 

VIBRATION  MONITORING 

On  current  aircraft,  engine  vibration  monitoring  has  not  always 
met  operators  requirements,  this  being  mainly  due  to  sensors  reliability 
and  problems  associated  with  signal  transmission.  On  the  CFM56,  the  vibration 
instrumentation  system  development  is  integrated  in  the  engine  program,  and 
improvement  of  system  components  reliability  has  been  very  carefully  consi- 
dered . 


Sensors  lay-out  and  perfomance  have  been  selected  from  experience 
acquired  with  vibration  data  obtained  from  engine  mounted  sensors  during 
development  tests. 

The  engine  will  incorporate  provisions  for  high  sensitivity  vibration 
cristal  sensors  on  main  engine  bearings  and  accessory  gearbox. 

In  addition  to  engine  vibration,  the  following  conditions  will  be 
monitored  by  the  vibration  instrumentation  system 

- rotor  unbalance  and  therefore  perf  deterioration  due  to 

increased  clearances 

- bearing  failures 

- wear  of  gears  and  bearings  of  the  accessory  drive  system 

- accessory  malfunctions. 

Also,  the  vibration  monitoring  instrumentation  will  facilitate 
trim  balance  operations. 

Trouble  shooting  guides,  together  with  failure  signatures  recorded 
during  the  development  program,  will  provide  operators  with  information  about 
dynamic  load  levels  beyond  which  component  life  is  affected. 

LUBE  SYSTEM  MONITORING 


The  CFM56  lube  system  incorporates  a separate  scavenge  circuit  for 
each  sump.  Such  circuit  includes  a "particle  trap"  made  of  a magnetic  plug 
and  a filter  housed  in  a self-sealing  assembly. 

The  scavenging  function  is  achieved  by  the  lubrif ication  module 
grouping  all  pumps  in  a single  unit  for  maintenance  simplification.  With 
this  system  condition  of  lube-wetted  components  can  be  monitored  and  trouble 
shooting  guides  will  provide  all  information  required  to  identify  any  damaged 
component , 


Spectrometric  oil  analysis,  associated  to  the  above  method  will 
generate  additional  data  such  as  conteunination  rate,  providing  an  infor- 
mation on  component  wear.  The  lube  tank  is  provided  with  a sampling  adap- 
tor requiring  no  special  tooling, 

BORESCOPE  INSPECTION 


The  number  of  borescope  inspection  bosses  on  the  CFM56  engine 
has  been  the  subject  of  a careful  consideration.  The  engine  will  incor- 
porate 23  borescope  bosses  ; 

- 1 on  the  booster 

- 9 on  the  core  compressor 

- 6 on  combustor  and  HP  turbine 

- 7 on  LP  turbine,  including  4 on  the  first  stator  stage. 

Most  of  these  bosses  are  suitable  for ,4  in.  diameter  borescope, 
providing  for  an  adequate  level  of  checking  accuracy  for  field  maintenance 
operation. 


Easy  accessibility  to  these  bosses  will  enable  the  use  of  boresco- 
pes  associated  with  video  systems,  to  improve  defect  detection  and  reduce 
inspection  time, 

A comprehensive  procedure  tried  out  during  the  development  program 
will  be  made  available  to  operators,  together  with  a trouble  shooting  guide. 

GAMMA-RAY  INSPECTION 

Gamma-Ray  inspection  will  be  used  to  check  the  CFM56  internal 
components  without  any  removal.  Design  features  have  been  introduced  to 
allow  the  introduction  of  the  source  from  the  front  or  from  the  rear 
after  removing  a cover. 

This  type  of  check  comes  as  an  addition  to  the  other  analysis 
methods  to  provide  data  before  making  any  action  on  the  engine. 

Specific  tests  are  included  in  the  program  to  denonstrate  how 
gamma-ray  inspection  can  be  used  throughout  the  engine,  and  to  derive 
the  relevant  operating  procedures  and  produce  radiographs  of  typical 
defects. 


3.2  MODULAR  INSPECTION 


Efficiency  of  maintenance  has  been  greatly  improved  through  a 
modular  design,  associated  to  stricter  diagnosis  methods. 

The  CFM56  mechanical  design  corresponds  to  a second  generation 
from  this  point  of  view.  Modules  constitute  separate  assemblies  suffi- 
ciently small  to  meet  operators  options.  In  addition,  functional  and 
mechanical  interchangeability  has  been  very  carefully  considered  and, 
moreover,  is  facilitated  by  the  modular  pre-balancing  technique.  The 
CMF56  engine  incorporates  the  following  four  major  assemblies. 

- fan  assembly 

- core  engine 

- low  pressure  turbine 

- accessory  gearbox. 


w 
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Each  major  assembly  Includes  several  modules  which  can  be  asso- 
ciated as  required  by  the  operator. 

The  fan  system  comprises  4 modules  : fan/booster  rotor,  bearing 
n®  1 and  n°  2 support,  fan  frame  and  inlet  gearbox. 

The  core  system  comprises  7 modules.  The  HP  turbine  rotor,  the 
combustor  and  the  turbine  nozzle  can  be  replaced  "on  the  wing".  Compressor 
casings,  made  in  two  halves,  provide  a high  degree  of  accessibility. 

The  LP  turbine  comprises  4 modules  ; the  turbine  nozzle  is  itself 
one  module,  which  allow  the  replacanent  of  vane  sectors  without  having  to 
disassemble  the  LP  turbine. 

The  main  design  features  improving  maintenance  operations  are  ; 

- fan  blades  replaceable  in  pairs 

- fan  stator  vanes  replaceable  individually 

- high  accessibility  balancing  provisions  on  all  rotating  components 

- datum  surfaces  on  all  items  which  may  required  to  be  repaired 

- repair  stock  allowances  on  all  flanges. 


4 - CONCLUSION 

After  more  than  three  years  of  cooperation  between  General  Electric 
and  SNECMA^j^the  CFM  56  development  program  is  proceeding  as  scheduled.  On 
October  30  1976,  2045  hours  of  testing  have  been  made,  against  a scheduled 

figure  of  1945.  The  design  changes  introduced  in  engines  005  and  006  from 
the  analysis  of  rig  or  engine  tests  are  contributing  to  reaching  the  final 
definition  of  production  engines. 

Endurance  tests,  combined  with  component  reliability  analysis  and 
engine  health  monitoring  will  reduce  maintenance  operation  frequency  as  early 
as  entry  into  service. 
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Aircraft  Engine  Design 
& Development 
Through  Lessons  Learned 

by 

Bernard  L.  Koff,  Chief  Engineer 
Aircraft  Engine  Group,  General  Electric 
1 Jimson  Road,  Mail  Drop  J44 
Cincinnati,  Ohio  45215 


During  the  past  twenty  five  years  the  industry  has 
progressed  from  simpie,  singie  spooi,  iow  pressure  ratio 
turbojet  engines  to  compiex,  multi-spool,  high  pressure 
ratio,  high  temperature  turbofans  used  to  power  huge 
wide  bodied  aircraft  like  the  C-5A.  DC-10,  and  747.  Engine 
life  and  reliability  have  improved  steadily  over  that  in  the 
era  of  reciprocating  engine  aircraft.  These  have  produced 
a major  favorable  impact  on  airworthiness  and 
maintenance  cost  for  commercial  carriers.  From  this  the 
question  arises,  "What  does  it  take  to  design  and  develop 
a modern  aircraft  engine?”  Engineers  who  worked  on  the 
early  engine  programs  were  just  as  intelligent  as  we  are 
today,  but  they  did  not  have  the  materials,  modern 
analytical  and  experimental  techniques,  and  the  "lessons 
learned”  from  experience  to  guide  them.  The  aircraft  gas 
turbine  engine  has  an  almost  indeterminate  number  of 
potential  failure  modes.  Learning  from  mistakes  has  led  to 
improvements  in  the  state-of-the-art,  with  the  promise  of 
more  to  come  since  today's  techniques  are  far  from 
perfect  and  tl  e opportunity  for  making  mistakes  is 
virtually  inexh  ustible.  Therefore,  the  design  and 
development  of  ^day’s  aircraft  engines,  as  well  as  those 
of  tomorrow,  a a derivatives  of  a "lessons  learned” 
approach  spreao  across  a wide  range  of  disciplines. 

To  understand  this  approach,  it  is  helpful  to  first  look  at 
the  "Big  Four”  requirements  in  aircraft  engine  design: 

• performance  (including  emissions,  noise,  etc.) 

• reliability— durability— maintenance 

• weight 

• initial  cost— timing 

An  examination  of  these  shows  that  performance  is 
usually  known  shortly  after  the  first  engine  goes  to  test.  If 
the  performance  falls  short  of  expectations,  major 
improvement  programs  are  launched  immediately  to  both 
understand  and  correct  deficiencies.  The  weight  of  the 
engine  is  known  even  before  the  drawings  go  to 
manufacturing,  and  certainly  before  the  first  test.  The 
initial  cost  is  reasonably  understood  and  generally 
predictable  based  on  the  learning  curve  approach  and  our 
considerable  manufacturing  expertise  and  experience. 
The  timing  is  also  known  as  the  parts  are  being 
manufactured,  since  "cost  and  delivery"  data  are  closely 
coupled  and  generally  interdependent. 

However,  in  total  contrast,  mechanical  reliability, 
durability  and  maintainability  are  relatively,  and 


sometimes  completely,  unknown  for  a considerable  time, 
often  extending  beyond  certification.  By  this  time, 
production  tooling  has  been  committed  and  fleets  of 
hardware  are  in  use.  Mechanical  failures,  resulting  from 
oversights  and  unknowns  in  the  complex  engine 
structures,  are  by  far  the  most  dominant  and  detrimental 
influences.  Only  by  applying  combined  analytical, 
experimental  and  developmental  techniques  and  tools 
can  the  impact  of  intermediate  and  long  term,  unexpected 
mechanical  failures  be  minimized. 

Short  term  or  early  mechanical  failures  during  the  engine 
test  program  are  to  be  considered  a blessing  since,  like 
performance  deficiencies,  these  can  be  dealt  with 
immediately.  As  someone  once  aptly  said,  "The  worst 
thing  we  can  do  is  make  the  parts  work  98%  of  the  time”. 
This  often  incurs  extensive  and  costly  retrofit  programs 
after  many  parts  have  been  built,  shipped  and  placed  in 
service. 

Having  defined  mechanical  failures  as  the  most  critical 
factor  affecting  reliability,  durability  and  maintainability, 
let  us  take  a look  at  the  key  lessons  learned  on  how  to 
either  eliminate  or  minimize  these  failures. 


Trade-off  Studies 

First  of  all,  we  need  to  start  on  the  "right  track"  by  making 
the  proper  trade-off  studies  relative  to  the  design 
configuration  and  how  the  engine  will  be  used  to  meet  the 
aircraft  system  requirements.  When  a design  starts  out  on 
the  "wrong  foot",  it  is  difficult  to  fix  and  usually  ends  up 
being  "patched”  and  "crutched”  to  meet  requirements. 
Too  often,  the  temptation  is  to  live  with  these  initial 
configuration  decisions  by  providing  field  support, 
although  it  may  mean  something  less  than  complete 
satisfaction  with  the  product.  Since  engineering  involves 
art,  science  and  business,  we  must  be  sure  in  the 
beginning  that  all  the  science  and  business  aspects  are 
applied  to  thoroughly  evaluate  the  art  before  the  design  is 
committed.  Experience  has  shown  that  good  trade-off 
studies  are  the  key  to  making  sure  the  design  starts  out  on 
the  "right  track".  Let  us  take  a look  at  a few  examples  on 
how  trade-off  studies  have  helped  the  design  approach. 
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Figure  I shows  a compressor  rotor  spool  consisting  of  a 
“ring-drum"  construction  to  minimize  numerous  bolted 
flanges  and  separate  rotor  parts.  With  this  design,  a 
more  rigid,  no-shift  structure  is  formed  by  the  integral 
disk-spacer  configuration.  The  blades  in  the  integral  disk- 
spacer  spool  have  circumferential  dovetails  to 
accommodate  assembly  and  replacement  without  spool 
disassembly.  The  blades  are  assembled  into  the 
circumferential  track  through  a loading  slot;  then  all 
blades  are  shifted  circumferentially  so  that  the  locking 
block  retainers  can  be  radially  shifted  into  the  lock  slots. 
The  design  is  basically  a simple,  statically  determinate 
structure  that  minimizes  parts,  reduces  cost  and  weight 
and,  at  the  same  time,  can  be  readily  analyzed  to  assure 
high  reliability  and  durability  while  providing  exceptional 
maintainability  features. 


Let  us  compare  these  trade-off  results  with  the  eleven 
stage  compressor  from  which  it  was  originally  evolved. 
Figure  2 shows  this  earlier  engine  compressor  rotor 
featuring  face  spline  disk  construction,  tie  bolts,  and 
separate  rim  spacers  to  form  the  flowpath.  Note  the 
multiplicity  of  parts  in  the  earlier  design  and  that  the 
blades  could  not  be  replaced  without  disassembly  of  the 
rotor  spool.  The  rotor  in  Figure  1 has  only  six  structural 
spool  parts  for  fourteen  stages,  while  the  earlier  eleven 
stage  rotor  (Figure  2)  has  twenty-three  structural  parts 
and  fourteen  joints.  Numerous  contact  points  between 
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mating  parts  produced  considerable  fretting  and 
potential  failure  initiations.  The  substantial  improvement 
in  design  configuration  of  the  newer  "ring-drum"  rotor 
construction  (Figure  1)  compared  to  the  face  spline  disk 
design  (Figure  2)  was  the  result  of  extensive  trade-off 
studies  involving  life,  weight,  cost  and  maintainability. 


Another  example  of  the  value  of  detailed  trade-off  studies 
is  the  high  pressure  turbine  disk  shown  in  Figure  3. 


Figure  3 


This  design  eliminates  bolt  holes  through  the  highly 
stressed  disk  web  where  the  Poisson  ratio  effect  in  a 
biaxial  state  of  stress  produces  a reduction  in  axial 
thickness.  When  through  bolts  are  used,  this  reduction  in 
disk  web  thickness,  although  relatively  small,  results  in  a 
significant  decrease  in  axial  clamping  load.  Rim  bolts  to 
clamp  the  blade  retainers  are  put  through  the  dovetail  rim 
posts  where  this  stress  effect  is  considerably  less.  Short 
spacers  integral  to  the  disk  include  the  flanges  with  lower 
stresses,  thereby  permitting  high  bolt  solidity  and 
increased  clamping.  This  feature  minimizes  shifting  of 
parts  in  rotating  assemblies  which  has  caused  rotor 
unbalance  and  fretting  that  leads  to  low  cycle  fatigue 
failures. 


These  examples  are  typical  of  actions  that  need  to  be 
taken  in  combination  with  proper  material  selection  to 
assure  "starting  on  the  right  track". 


Apply  Rigorous  Attention  to  Detail  tlS 


Design  Analysis 

□ Theoretical—  Once  we  have  made  the  trade-offs  and 
the  design  is  started,  hopefully  on  the  right  track,  we  need 
analyses  capable  of  providing  accurate  states  of  stress 
caused  by  temperature  effects,  centrifugal  forces  and 
external  pressure  loading.  Figure  4 illustrates  a disk  post 
failure  resulting  from  an  underestimated  stress 
concentration.  It  highlights  the  need  for  a more  rigorous 
design  analysis  in  the  beginning. 


Figure  5 shows  a finite  element  model  of  the  dovetail  rim 
post  for  the  disk  shown  in  Figure  3. 
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Figure  5 


This  analytical  model  is  used  to  determine  and 
understand  the  effect  of  stress  concentrations  and 
thermal  gradients  on  the  state  of  stress  necessary  to  avoid 
subsequent  mechanical  failures.  The  resultant  computer 
output,  in  terms  of  the  stress  gradients  in  the  rim  post,  is 
also  shown  in  Figure  5.  High  stress  concentration  regions 
are  easily  recognized  by  the  grouping  or  concentration  of 
the  lines  of  constant  stress.  The  bolt  holes  in  the  rim  post, 
the  base  of  the  dovetail  adjacent  to  the  pressure  surfaces, 
and  the  transition  of  the  post  to  the  hoop  stress-carrying 
portion  of  the  disk  rim  are  all  regions  of  high  stress 
intensities.  Note  that  the  bolt  hole  in  the  analytical  model 
of  the  rim  post  shown  is  circular  but  the  disk  (Figure  3) 
was  made  with  a shaped  hole.  This  tear-drop  shaped  hole 
was  modeled  and  adopted  after  it  was  found  to  have  a 
lower  rim  post  stress  concentration  than  the  circular  hole. 
Detailed  stress  analysis  models  made  practical  by 
sophisticated  computer  programs  provide  an  effective 
method  for  designing  durable,  long  life  parts. 

Finite  element  analyses  can  be  applied  to  overall 
structures,  such  as  the  drum  rotor  shown  in  Figure  1 and 
modeled  in  Figure  6. 


Figure  6 


In  this  case,  the  finite  elements  are  shells  accurately 
defined  directly  from  the  numerical  solution  of  classical 
shell  differential  equations.  The  shell  stresses  in  the 
spacers  due  to  centrifugal  loading  and  meridional 
bending  at  the  discontinuities  of  the  disk-spacer 
connections,  can  be  accurately  determined  and  modified. 
The  resulting  deflections  are  used  to  set  both  radial  and 
axial  clearances  for  blades  and  vanes.  Before  making 
substantial  investments  in  tooling  to  build  the  parts, 
analyses  must  also  be  made  to  determine  the  feasibility  of 
extremes  in  design  configurations  and  the  susceptibility 
to  premature  failures. 

Figure  7 shows  an  axial  fan  or  compressor  blade  with  a 
high  twist  gradient  from  root  to  tip.  This  twist  gradient  is  a 
function  of  the  blade  tip  speed  and  radius  ratio 
(hub  radius/tip  radius).  Blades  with  highertipspeedsand 
lower  radius  ratios  have  higher  twist  gradients.  An 
examination  of  the  steady  state,  chordwise  stress 
distribution  for  both  the  convex  and  concave  airfoii 
surfaces  shows  a considerable  variation  from  the  average 
stress.  Care  must  be  taken  to  avoid  excessively  high  "end 
effect”  stresses  at  the  blade  root.  These  can  significantly 
reduce  the  capability  of  the  blade  to  absorb  vibratory 
stresses  and  may  result  in  a high  failure  rate.  The 
deflected  shape  of  the  blade  under  dynamic  conditions 
must  also  be  determined  by  analysis  to  correlate  with 
aerodynamic  and  aeromechanical  requirements. 
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The  ratio  of  the  maximum  to  the  average  airfoil  stress  is 
i also  plotted  against  the  product  of  the  chord  and  twist 

I gradient.  This  useful  tool  has  been  verified  by  test,  and  is 

I particularily  important  in  determining  the  "end  effect" 

! stresses  to  avoid  loss  of  fatigue  margin  in  low  aspect  ratio 

(length/chord)  blading. 

To  avoid  fundamental  configuration  errors  and  minimize 
development  problems,  a complete  engine  system 
vibration  analysis  must  be  conducted.  Figure  8 shows  a 
planar  "stick"  or  beam  and  spring  model  of  the  engine 
structural  components  simulating  the  stiffnesses  of  the 
casing  and  rotating  shafts.  The  assumed  axi-symmetric 
structure  simulates  the  engine  reasonably  well  except  at 
the  mounting  system.  The  exception  is  a minor  limitation, 
since  the  vibratory  modes  most  critical  to  the  engine  do 
not  involve  the  mounting  connections.  Model  simulation 
of  the  engine  structure  has  been  successfully  used  to 
predict  vibratory  modes  and  responses  to  unbalance  and 
dynamic  loading,  including  circular  whirl  and  non-linear 
effects.  Measurements  of  the  dynamic  response  of  the 
engine  with  accelerometers  and  strain  gages  mounted  on 
the  bearing  housings  have  shown  this  planar  model  to  be 
an  excellent  representation.  Loads  transmitted  to  the 
airframe  through  the  pylon  support  structures  have  also 
been  calculated  and  show  agreement  with 
measurements. 


Figure  9 


To  determine  the  effects  of  casing  shell  deformation,  the 
three  dimensional  finite  element  model,  shown  in  Figure 
9,  was  recently  developed  to  overcome  shortcomings  of 
the  planar  (beam  and  spring)  model  simulation.  The  three 
dimensional  approach  offers  the  advantage  of  using 
changes  in  radial  clearances  between  the  rotating  and 
static  components  to  evaluate  and  modify  the  load  paths 
and  the  rigidity  of  the  engine  structures.  This  information 
can  then  be  used  to  provide  additional  understanding  of 
the  engine  system  during  high  unbalance  events  initiated 
by  the  ingestion  of  birds,  tire  treads,  or  similar  large 
foreign  objects. 

□ Experimental—  Even  with  great  advances  in  finite 
element  analysis,  detailed  stress  analyses  are  often 
beyond  practical  capability  for  some  engine  parts. 
Experimental  analytical  methods  can  be  used  effectively 
to  determine  the  stresses  in  parts  that  are  difficult  to 
model.  For  Instance,  photoelasticity  is  particularily  useful 
for  parts  where  a three  dimensional  stress  analysis  is 
required.  Although  this  technique  is  quite  old,  new 
materials  and  approaches  have  advanced  the  state-of- 
the-art  considerably  during  the  past  few  years.  The  basic 
principle  is  stress  "freezing"  using  a material  similar  to 
Araldite,  an  epoxy  resin  which  exhibits  a measurable 
double-refraction  effect  when  stressed  and  viewed  by 
polarized  light.  The  stress  freezing  concept  is  best 
illustrated  by  visualizing  a wet  sponge  in  a frozen  state.  By 
applying  a load  to  the  frozen  sponge  and  raising  the 
temperature  until  the  ice  becomes  pliable,  a stretch  or 
deflection  takes  place.  If  we  then  refreeze  the  sponge  in 
the  stretched  or  deflected  position,  the  stresses  induced 
by  the  load  become  locked  into  the  sponge  material  and 
can  be  studied  by  cutting  it  into  sections. 

Figure  10  shows  an  Araldite  model  of  a bevel  gear  drive 
used  to  determine  the  three  dimensional  stresses  in  the 
gear  teeth.  The  gears  are  mounted  in  the  engine  housing 
which  serves  as  a loading  fixture.  A scaled  torque  is 
applied  to  the  gear  train;  then  the  applied  stresses  are 
locked  in  and  subsequently  determined  by  sectioning  as 
illustrated. 
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Figure  11  shows  a photoelastic  Araidite  model  of  a pin 
root  blade  with  a scaled  radial  load  applied  to  simulate  a 
centrifugal  force  at  the  root.  This  model  was  used  to 
evaluate  the  stress  concentrations  at  the  hole  locations 
where  cracking  was  observed  in  the  aft  tang.  The  intensity 
of  the  fringe  patterns  indicates  the  presence  of  large 
stress  gradients  at  the  sides  of  the  hole. 
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Figure  11 


□ Engine  Cyclic  Endurance—  Several  testing 
techniques  have  been  developed  over  the  years,  but  none 
has  achieved  more  success,  or  wider  acceptance,  than  the 
cyclic  endurance  test.  Figure  12  illustrates  an  accelerated 
endurance  cycle  simulating  a typical  subsonic  transport 
aircraft  mission.  The  abbreviated  mission  cycle  was 
developed  because  it  is  impractical  to  include  the  long 
climb,  cruise  and  descent  legs  of  the  flight  cycle,  which 
may  be  from  one  to  four  hours  in  length,  depending  on  the 
aircraft  and  mission.  Substantially  shortening  the  actual 
flight  cycle,  but  retaining  appropriate  engine  speed  and 
temperature  conditions,  provides  sufficient  cyclic 
endurance  operation  to  simulate  aircraft  missions  in  time 
to  “lead  the  fleet”.  The  goal  or  objective  is  to  have  a factory 
test  engine  accumulate  more  pressure,  speed  and 
temperature  cycles  than  any  single  operational  engine  in 
service.  This  approach  identifies  mechanical  failure 
modes  before  they  occur  in  operation  and  with  sufficient 
lead  time  to  permit  timely  corrective  action. 


During  the  takeoff  and  climb  portion  of  the  cycle,  the 
engine  is  run  to  high  speed  and  power  producing  the 
maximum  temperature  and  stresses.  The  cruise,  throttle 
retard  to  idle,  accel  to  reverse  thrust  power,  and  shutdown 
portions  of  the  cycle  produce  stress-strain  reversals  due 
to  load,  temperature  and  thermal  gradients  simulating 
those  in  service. 


The  stress  level  at  the  blade  root  hole  is  plotted  as  a 
function  of  the  axial  distance  away  from  the  hole  surface. 
A data  point  obtained  by  a strain  gage  placed  on  the  blade 
root  and  engine  tested  at  full  speed  indicated  a stress  of 
20,000  psi  at  .080  inches  from  the  hole  edge  at  the  three 
o’clock  position.  Since  the  gages  are  finite  in  size  and  a 
retaining  pin  is  used  in  the  hole,  strain  gages  could  not  be 
placed  closer  to  the  edge.  Note  that  the  stress  gradient  as 
analyzed  by  photoelastic  methods  agrees  with  the  engine 
strain  gage  value,  but  continues  to  rise  rapidly  to  the 
surface  of  the  hole  where  the  stress  is  six  times  higher 
than  at  the  engine  gage.  It  is  also  interesting  to  note  from 
the  fringe  pattern  in  Figure  11  that  a still  higher  stress 
exists  at  the  four  o'clock  position  and  relatively  far  from 
where  the  engine  strain  gage  was  located.  In  addition  to 
stress  prediction  capability,  these  techniques  are 
particularity  helpful  in  determining  the  proper  location  for 
engine  strain  gages. 

□ Materials  Behavior—  Understanding  all  aspects  of 
materials  behavior  under  engine  operating  conditions  is 
essential  to  a successful  design  and  development 
process.  The  standard  mechanical  properties  relating  to 
static  strength,  rupture  and  fatigue  are  utilized  at  the 
outset  of  preliminary  design.  However,  more  subtle  time- 
dependent  effects  involving  creep-fatigue  interaction, 
load  strain  cycling  and  quality  considerations  have  a 
major  impact  on  parts  life.  As  a result,  these  material 
characteristics  must  be  integrated  into  the  stress  and  life 
analysis  of  the  parts  before  final  release  to  prevent  costly 
surprises. 

Test  and  Evaluation 

The  objective  of  the  test  and  evaluation  program  is  to 
experimentally  evaluate  the  product  by  obtaining  stress, 
temperature  and  vibration  data  in  order  to  develop  and 
improve  the  design. 
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Accelerated  Endurance  Test  Cycle 
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Figure  12 


By  using  the  fleet  leader  cyclic  endurance  concept, 
numerous  design  limitations  and  deficiencies  have  been 
uncovered  for  engine  components  similar  to  those  shown 
in  Figure  12.  However,  not  all  parts  are  subjected  to  the 
maximum  stress-strain  range  produced  by  actual  flight 
cycles  because  the  long-time  creep  effects  and  maximum 
thermal  stress  reversals  caused  by  cooling  are  not 
completely  simulated.  Internal  turbomachinery  parts, 
such  as  disks,  take  considerable  time  to  heat  and  cool. 
This  is  due  to  their  relatively  high  mass  as  compared  to  the 
lower  mass  flowpath  parts  such  as  the  combustor,  sheet 
metal  parts  and  airfoils.  As  a result,  the  larger  mass  parts 
tend  to  stabilize  at  intermediate  temperatures  during  the 
short  endurance  cycle  instead  of  experiencing  wide 
ranges  of  unequal  heating  and  cooling  which  produce 
high  thermal  stresses  in  actual  flight  cycles. 
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Because  of  these  limitations,  accelerated  cyclic  testing 
alone  cannot  screen  out  all  deficiencies  for  all 
components.  To  be  sure,  we  need  to  carefully  determine 
the  stresses,  temperatures,  thermal  gradients  and 
vibration  characteristics  from  component  and  engine 
tests.  This  information  must  be  used  in  the  stress  and  life 
analyses  of  components  with  particular  emphasis  and 
attention  to  those  that  do  not  respond  to  cyclic  endurance 
testing. 

□ Instrumentation  and  Measurement—  To  record 
stress,  vibration,  temperature  and  pressure  parameters, 
the  engine  must  be  adequately  instrumented  with 
sensitive  equipment.  Thermocouples  and  strain  gages,  as 
shown  in  Figure  13,  are  used  to  record  both  steady  state 
and  transient  temperatures  and  stresses  during  engine 
operation.  Considerable  rework  of  hardware  is  often 
necessary  to  accommodate  instrumentation  lead  wires 
and  tubes.  When  instrumentation  is  applied  to  rotating 
parts,  a slip  ring  mechanism  must  be  attached  to  the  shaft 
to  bridge  the  lead  wires  on  the  rotor  to  the  stationary 
leads.  Over  the  years,  this  rotating  component  has  been  a 
weak  link  in  the  measurement  system.  The  number  of 
channel  readouts  are  limited:  noise  is  generated  on  the 
brushes  causing  signal  interference:  air  cooling  is 
required  and  shaft  vibration  causes  rapid  breakdown  and 
premature  maintenance.  Nevertheless,  significant 
progress  has  been  realized  with  high  speed  slip  rings  over 
the  past  twenty  five  years. 


Figure  13 


Figure  14  shows  a comparison  between  a standard 
current  technology  slip  ring  and  an  improved  type 
developed  at  General  Electric.  The  new,  miniaturized  slip 
ring  is  smaller,  lighter  and  less  costly  but,  more 
importantly,  it  can  operate  at  higher  rotational  speeds 
with  longer  life,  higher  quality  readout  and  with  60%  more 
gape  capacity. 


Figure  14 


For  multi-spool  rotors,  the  slip  ring  can  be  used  only  for 
the  outer,  low  speed  rotor,  since  we  have  not  found  a 
practical  way  to  lead  the  wires  out  of  the  inner  spool.  High 
speed  core  engine  rotors,  such  as  the  inner  spool  in 
Figure  15,  can  be  instrumented  through  the  use  of  short 
range  radio-telemetry  where  radio  waves  replace  lead 
out  wires. This  is  shown  schematically  in  Figure  16.  The 
instrumentation  leads  are  connected  to  a transmitter- 
antenna  system  where  the  sensitive  signals  are 
transmitted  by  radio  waves  to  a receiving  antenna.  The 
signals  are  then  read  out  on  an  oscilloscope  in  the  same 
manner  as  with  the  direct  wired  slip  ring.  An  application  of 
a radio-telemetry  transmitter  is  shown  in  Figure  17. 
Relative  to  slip  rings,  the  number  of  read  out  channels  is 
limited,  but  it  permits  data  acquisition  under  correct 
environmental  conditions  of  the  high  pressure  rotor 
system. 


Figure  15 
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Engine  Mounted  Radio-Telemetry  System 


Figure  17 


Hof  parts,  such  as  turbine  blade  airfoils,  introduce 
additional  complications  for  instrumentation.  These  parts 
can  operate  at  metal  temperatures  in  the  range  of  1 800°  F, 
gas  temperatures  of  2500°  F and  with  centrifugal  forces  of 
80,000  g's  . The  lives  of  strain  gages,  thermocouples  and 
lead  out  wires  in  this  environment  are  extremely  limited,  if 
not  impractical,  using  routine  techniques. 

The  infrared  optical  pyrometer,  as  shown  in  Figure  18,  is  a 
light  sensitive  device  that  can  be  used  to  measure  the 
temperature  of  rotating  turbine  blades  from  a stationary 
position.  The  optical  device  is  calibrated  relative  to  a 
known  temperature  source,  preferably  a reference 
thermocouple  imbedded  in  the  lower  temperature  and 
lower  stress  region  of  the  airfoil  to  maximize  its  readout 
life.  The  pyrometer  measures  both  the  absolute 
temperature  level  and  thermal  differences  between 
airfoils.  When  wired  into  the  engine  control  circuit,  it  can 
be  used  to  control  engine  fuel  flow  instead  of  the 
traditional  exhaust  gas  thermocouple  harness.  Since 
metal  temperatures  are  measured  directly,  there  is  less 
chance  to  over-temperature  the  turbine  blades  during  an 
acceleration  to  full  power. 


Infrared  Optical  Pyrometer 
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Figure  18 

The  same  pyrometer  is  also  an  extremely  useful  tool  for 
evaluating  the  design  effectiveness  of  high  temperature, 
turbine  blade,  cooling  systems.  Figure  19  shows  two  dif- 
ferent cooling  configurations,  assembled  into  the  same 
turbine  rotor  and  subjected  to  accelerated  endurance 
cycles.  De  -gn  B has  fewer  but  larger  holes  at  the  leading 
edge  and  one  row  of  shaped  holes  on  the  forwaro  suction 
surface.  [>tsign  A,  with  a greater  number  of  smaller  holes 
at  a hightf  angle  to  the  surface,  uses  slightly  more  cooling 
air  than  B.  The  pyrometer  trace  measuring  blade  metal 
temperature  shows  a smooth  even  temperature  trace  at 
1800°F  for  Design  A blades  with  the  more  evenly 
distributed  film  cooling;  whereas,  the  temperature  profile 
for  Design  B is  erratic  and  also  more  than  100°F  hotter. 
This  useful  evaluation  tool  has  been  extremely  valuable  in 
accelerating  the  design  and  development  cycle  of  high 
temperature,  air  cooled  blading  for  both  military  and 
commercial  engines. 


Infrared  Pyrometry 

Blade  Cooling  EMectIveness 


Figure  19 


The  radial  and  axial  positions  of  the  internal  rotor  blades, 
shrouds  and  seals  affect  aerothermodynamic 
performance  and  internal  rotor  thrust  balance  which,  in 
turn,  controls  the  bearing  axial  loading.  As  a result,  it  is 
often  desirable  to  determine  the  radial  and  axial  positions 
of  the  rotating  blades  and  seals  relative  to  the  stator 
during  normal  and  transient  engine  operation. 
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Figure  20  shows  a high  energy  (eight  million  electron 
volts)  X-ray  system.  It  is  used  to  "see"  through  the  engine 
to  determine  internal  radial  and  axial  clearances  at 
different  operating  conditions. 


Figure  20 

The  low  pressure  turbine  shown  in  Figure  21  was 
analyzed  by  use  of  high  energy  X-ray  images  at  several 
engine  power  levels.  Resulting  X-rays  of  the  seal-tooth 
area  at  two  conditions  are  shown  in  Figure  22. 


During  a “cold”  shutdown  transient,  where  the  turbine 
rotor  has  not  reached  thermal  stabilization  and  the  engine 
throttle  is  retarded,  the  first  tooth  of  the  blade  shroud  has 
moved  aft,  almost  to  the  end  of  the  stationary  honeycomb 
shroud  seal.  The  honeycomb  in  the  picture  is  of  lower 
contrast  relative  to  the  solid  tooth  on  the  blade  shroud 
because  it  is  of  much  thinner  material.  The  aft  position  of 
the  seal  tooth  was  not  a concern  during  transient 
operation.  However,  at  the  cruise  performance  setting, 
the  blade  seal  tooth  is  actually  riding  off  the  aft  stationary 
honeycomb  seal.  This  extreme,  aft  seal  tooth  position 
results  in  a high  leakage  rare  at  the  blade  tip  resulting  in  a 
substantial  loss  in  turbine  efficiency  requiring  increased 
fuel  flow  to  maintain  engine  thrust. 

The  X-ray  technique  has  proved  to  be  useful  in  solving 
engine  deflection  and  clearance  problems  not  readily 
afforded  by  other  methods.  It  is  to  be  noted  that  the  radial 
clearances  can  be  more  accurately  measured  from  the  X- 
rays  when  the  honeycomb  depth  is  measured  at 
assembly. 

□ Engine  Unbalance  Testing—  Experience  has  shown 
the  need  for  moderate  to  high  levels  of  engine  unbalance 
testing  under  controlled  conditions  to  evaluate  and 
understand  engine  structural  behavior  during  ingestion 
of  large  birds  and  other  large  foreign  objects.  This  need 
triggered  the  design  and  development  of  the  controlled 
unbalance  device  shown  in  Figure  23. 


High  Energy  X>Ray  Facility 


Stage  2 Blade  Tip  Seals 


Cold  Shutdown  Intermediate  Power 


Figure  22 


The  device  consists  of  a radioactive  depleted  uranium 
weight  mounted  in  the  hub  of  the  fan  rotor  and  held  in 
position  by  an  explosively  charged  bolt.  The  weight  is 
located  slightly  off  of  the  engine  center  of  rotation,  and  is 
constrained  to  move  radially  outward  along  a sliding  track 
when  the  explosive  charge  is  triggered  by  a signal 
transmitted  through  a slip  ring.  A lead  cushion  is  placed  at 
the  end  of  the  track  to  protect  the  disk  bore  from  possible 
impact  damage.  RTV  or  silicone  rubber  is  used  to  fill  the 
cavity  and  act  as  a hydrostatic  resistance  to  slow  the 
weight  and  reduce  the  impact  energy.  A bolted-6n  cover 
plate  is  used  to  contain  and  totally  enclose  the  sliding 
weight.  The  size  of  the  uranium  mass  can  be  varied  to 
provide  a wide  range  of  unbalance.  This  technique  has 
been  used  successfully  to  simulate  engine  unbalance  at 
full  power,  such  as  experienced  with  bird  or  other  foreign 
object  ingestion. 
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When  very  high  levels  of  unbalance  are  required  to 
simulate  severe  ingestion  events,  which  occur 
approximately  once  in  a million  flight  hours,  fan  blade 
airfoils  can  be  broken  off  in  a controlled  manne',  also  by 
the  use  of  explosive  charges.  Figure  24  shows  a fan  blade 
with  an  explosive  charge  bolted  to  the  airfoil.  When  the 
charge  is  triggered  by  a signal  transmitted  through  a slip 
ring,  the  airfoils  are  burned  through.  In  one  such  test,  this 
resulted  in  70,000  gm-in.  of  unbalance  per  blade  to 
simulate  the  ingestion  and  subsequent  major  engine 
damage. 


Figure  24 


Figure  25 


Figure  25  illustrates  an  engine  running  at  takeoff  power 
several  milliseconds  after  simultaneously  firing  explosive 
charges  on  two  fan  blades.  The  result  was  an  equivalent 
(vector  sum)  unbalance  of  120,000  gm-in.  Vibratory 
characteristics  and  loads  transmitted  to  the  bearing 
housings,  frames,  casings  and  mounts  were  determined 
by  instrumenting  the  engine  with  accelerometers  and 
strain  gages.  Although  these  high  unbalance  tests  are 
destructive,  much  can  be  learned  in  advance  of  possibly 
experiencing  similar  events  in  service,  and  necessary 
modifications  can  be  made  before  large  numbers  of  fleet 
engines  are  committed  to  service. 


Process/Quality  Controls 

The  high  degree  of  sophistication  and  complexity 
associated  with  the  design  of  aircraft  engines  results  in  an 
increasing  dependence  on  the  manufacture  of  high 
qualify  components.  As  a result,  significant  effort  has 
been  applied  toward  improving  the  materials,  processes, 
machining  and  inspection  methods.  Many  lessons  have 
been  learned  but  few  more  fundamental  than  recognizing 
that  quality  is  essentially  dependent  on  a controlled 
process  rather  than  inspection. 

About  fifteen  years  ago,  the  demand  for  higher  strength 
materials  with  consistent  mechanical  properties  was  met 
with  the  introduction  of  vacuum  melting  technology.  This 
advance  in  processing  also  permitted  the  introduction  of 
a new  series  of  harder  to  forge  “superalloys"  with  many 
manufacturing  challenges.  Realizing  the  difficulty  in 
relying  upon  Non-Destructive  Testing  (NDT)  to  provide 
inspection  methods  for  detecting  and  eliminating  low 
quality  parts,  attention  was  shifted  toward  improving  the 
manufacturing  process. 

Upgrading  the  quality  of  these  new  alloys  was 
accomplished  with  the  introduction  of  Premium  Quality 
(PQ)  material,  a new  concept  providing  a disciplined 
approach  in  the  processing  of  raw  materials.  This  careful 
selection  involves  screening  and  sampling  of  basic  alloy 
ingredients,  followed  by  careful  monitoring  of  melting 
parameters  during  all  phases  of  the  vacuum  melt 
sequence. 

Attention  to  details,  such  as  avoiding  solidification 
conditions  that  produce  segregation,  routinely  clearing 
the  melt  furnaces  to  minimize  contamination,  and 
cleaning  and  inspecting  ingots  prior  to  the  final  melts  are 
now  standard  practices.  Further  control  is  applied  during 
the  ingot-to-billet  conversion  to  maintain  melt  traceability 
and  ingot  position.  Special  Non-Destructive  Evaluation 
(NDE)  monitoring  is  used  on  the  final  billet  and 
indications  are  often  cut  out  for  metallurgical  evaluation. 
Depending  on  the  frequency  and  distribution  of  the 
i ndications,  a complete  ingot  or  entire  heat  of  material  can 
be  rejected.  Certain  components,  such  as  billets  for 
rotating  disks,  undergo  further  NDE  at  the  forging  source. 
Acceptable  billets  are  cut  into  forging  multiples  (one  part 
per  multiple),  and  etched  on  both  faces  priorto forging  as 
a final  check  for  possible  segregation.  In  the  event  of 
unacceptable  indications,  correlation  is  made  to  the 
location  of  the  questionable  billet  in  the  ingot  and, 
depending  on  the  acceptance  criteria,  the  ingot  is  again 
subject  to  rejection. 

Forging  and  heat  treat  operations  are  performed  to  very 
detailed  practices  with  tight  controls  on  forging  pre-heat 
and  reduction  schedules  and  the  quench  rates  after 
solution  heat-treatment.  Metallurgical  control  Is 
maintained  over  morphology,  grain  size  and  mechanical 
properties.  Once  accepted  as  Premium  Quality  material, 
forgings  are  shipped  to  the  shop  and  skim-cut  to  a 
configuration  suitable  for  immersion  ultrasonic 
inspection.  A three-mode  scan  is  performed  with 
Numerically  Controlled  (NC)  equipment  capable  of 
finding  randomly  oriented  indications  in  the  part. 
Rejections  are  less  than  one  part  in  one  thousand  for 
significant  ultrasonic  indications,  and  few  of  these  have 
proved  to  be  actual  flaws.  This  attention  to  detail  relative 


to  process  controls  by  both  the  supplier  and 
manufacturer  provides  assurance  that  high  quality  parts 
are  produced.  Cases  where  part  failures  were  attributed  to 
quality  problems  have  usually  been  traced  to  a 
“breakdown”  in  the  discipline  of  the  process  control 
sequence. 

In  addition  to  the  process  control  procedures  developed 
to  produce  critical  engine  components,  there  are 
specific  actions  that  should  be  taken  to  increase  the 
probability  of  manufacturing  successful  parts.  For 
example,  disciplined  release  of  new  processes  is  essential 
to  avoid  both  short  and  long  range  problems.  Pilot  or 
small  scale  process  development  prior  to  a full  scale 
production  release  often  identifies  potential  problems, 
and  also  leads  to  better  understanding  and  definition  of 
the  technical  approach  used  to  produce  and  accept 
hardware. 

Avoiding  "risk  release”  items  is  another  way  to  minimize 
trouble.  Items  in  this  category  are  those  where  the 
process  is  not  completely  defined  or  developed,  but 
where  a release  is  made  on  a “best  efforts”  approach.  This 
type  of  release  should  be  confined  to  a development 
program. 

Sometimes,  a part  is  designed  and  dimensioned  with  a 
very  wide  tolerance  range  on  critical  thicknesses  and  radii 
that  are  relatively  inaccessible.  Experience  has  shown 
that  these  "liberally  dimensioned”  parts  are  often  subject 
to  high  failure  rates.  Action  must  be  taken  to  provide  close 
dimensional  control  in  the  inaccessible  areas.  This 
requires  proper  tolerancing  of  drawings  so  that  proper 
processing  and  inspection  controls  can  be  put  in  place. 

The  need  to  use  proven  vendors  and  suppliers  has  also 
been  demonstrated  as  a way  to  avoid  unexpected 
problems  in  both  the  development  and  production 
programs.  The  “buy  in”  concept,  where  a vendor  with 
inadequate  technical  capability  bids  low  to  get  an  order, 
usually  results  in  a high  cost  situation.  Usually,  there  are 
no  "short  cuts”  worth  taking  in  the  delivery  of  quality 
hardware.  Periodic  checks,  by  cut-up  of  hardware  for 
inspection  of  dimensional  and  metallurgical  properties, 
must  be  made  in-house,  as  well  as  at  the  vendors'  plants. 
This  precaution  helps  avoid  future  call-back  of  defective 
parts. 

Finally,  two  other  important,  but  often  overlooked, 
aspects  of  manufacturing  high  quality  hardware  are  the 
need  for  a simple  documentation  system  and  a 
manageable  process  change  approval  system.  The 
importance  of  having  the  entire  manufacturing  process 
well  documented  becomes  clear  when  unacceptable 
hardware  is  discovered.  Having  a well  documented 
history  of  the  processing  from  the  "mine  to  the  assembly 
area"  becomes  extremely  helpful  in  determining  the 
extent  of  corrective  action  required.  A parallel  and 
supporting  effort  that  eliminates  "red  tape"  in  obtaining 
timely  approval  to  process  changes  is  also  necessary. 
Surprises,  in  terms  of  reduced  parts  life,  have  occurred 
because  the  vendor  made  "unauthorized”  changes  in  the 
process  to  meet  the  pressure  of  schedules,  after 
unsuccessfully  encountering  "red  tape"  in  getting  a 
change  through  the  system.  Dealing  with  vendors  in  a 
completely  straight  forward  manner,  with  open 
communication  channels,  will  minimize  mistakes  and  is 


fundamental  to  the  success  of  the  overall  process/quality 
control  plan. 

Tracking  the  Fleet  Hardware 

When  engines  are  deployed  in  fleet  service,  it  is  essential 
to  track  and  understand  the  performance,  operability  and 
life  relative  to  initial  requirements.  The  condition  of  fleet 
hardware  needs  to  be  continually  examined  for  possible 
deviations  from  factory  experience  and  requires  careful 
analysis.  It  is  not  uncommon  to  find  problems  occurring 
in  fleet  hardware  that  were  not  experienced  in  factory 
testing.  The  effects  of  long  time  creep  and  more  complete 
cool-down  of  hot  parts  encountered  in  fleet  service,  as 
mentioned  earlier,  can  be  more  thoroughly  understood  by 
analyzing  service  experience. 

The  development  of  computer  programs  dealing  with  the 
effects  of  operational  severity  can  contribute  to 
understanding  differences  in  the  condition  of  hardware 
between  factory  and  fleet  engines.  When  fleet  hardware 
deviates  considerably  from  expected  behavior,  the 
evaluation  program  must  be  updated  to  produce 
equivalent  results.  In  cases  where  it  is  not  practical  to 
duplicate  fleet  service  experience  on  factory  engines, 
specialized  component  tests  need  to  be  set  up.  Service 
evaluation  of  modified  hardware  in  a controlled  number  of 
fleet  engines  has  also  been  used  effectively  to  improve 
confidence  that  the  changes  will  be  effective  in  operation. 


Integrating  the  Lessons  Learned 

Undetected  failure  modes  must  be  extremely  elusive  to 
“run  the  gauntlet"  of  configuration  trade-off  studies, 
design  analyses,  evaluation  techniques  and  numerous 
process/quality  control  measures  typified  in  this  paper. 
Nevertheless,  it  can  and  does  happen;  hence,  extreme 
care  must  be  taken  to  assure  disciplined  application  of 
check  lists  derived  from  the  many  "lessons  learned”  over 
these  past  twenty  five  years.  When  rigorously  applied  in 
an  integrated,  orderly  manner,  we  can  hope  to  avoid  these 
more  difficult  to  detect  failure  modes. 


Figure  26 

Figure  26  illustrates  an  example  of  a configuration  failure 
involving  complex  interactions  between  the  design, 
design  analysis,  materials  behavior,  manufacturing  and 
process/quality  controls.  The  engine  compressor  rear 


frame  structure  shown  is  essentially  a fabricated  pressure 
vessel  subjected  to  repeated  thermal  and  pressure 
loading  caused  by  engine  start-stop  cycles  and  throttle 
movements.  Imperfections  in  difficult-to-inspect 
weldments  led  to  several  failures  of  this  configuration 
during  factory  cyclic  endurance  testing.  A detailed 
investigation  revealed  weld  imperfections,  substantial 
local  stress  amplification  due  to  weld  mismatch  and,  more 
importantly,  new  information  on  crack  growth  behavior 
leading  to  a significant  advancement  in  the 
understanding  of  fracture  mechanics  and  life  prediction. 
The  failure  of  this  fabricated  structure  led  to  the 
identification  of  the  potential  cyclic  life  reductions 
resulting  from  combined  processing  and  materials 
behavior  characteristics  shown  in  Table  I. 


Analytical  techniques  and  approaches  used  in  the  design 
analysis  of  pressure  loaded,  fabricated,  shell  structures 
were  modified  to  include  these  findings.  In  addition, 
improvements  were  put  in  place  relative  to  design  and 
drafting  practices,  manufacturing  tooling,  and 
process/quality  controls. 

Mechanical  failures  are  costly  and  humbling  experiences. 
However,  when  these  failures  are  induced  early  in  the 
development  program,  the  lessons  learned  more  than 
offset  the  cost,  provided  they  are  new  lessons  and  not  just 
a repeat  of  ones  already  experienced.  By  continued 
application  and  building  upon  these  experiences,  we  can 
project  continued  progress  in  improving  reliability, 
durability  and  maintainability  for  the  future. 
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RESUME 

Independamment  du  compromis  entre  la  sophistication  et  les  performances  qu'il  se  contents 
d'evoquert  I'auteur  montre  que  lorsque  la  sophistication  est  liee  a des  probleraes  de  fiabilite* 
le  compromis  a faire  reside  essentiellement  entre  les  divers  aspects  de  la  fiabilite  d*un  moteur 
(aspect  securite*  aspect  operationnel , aspect  economique)* 

11  attire  1 'attention  sur  les  differences  qu'il  y a sous  cet  angle  entre  les  parties  struc* 
turales  d'un  propjlseur  d'avion  et  ses  systemes  de  regulation  et  de  contrdle. 

Par  quelques  examples*  il  montre  notamment  les  differences  de  conception  que  peuvent  imposer 
des  utilisations  sur  avions  monomoteurs  ou  avions  mult imoteurs . 

£n  conclusion*  tout  en  reconnaissant  les  vertus  et  la  necessite  des  techniques  redondantes, 
I'auteur  attire  I'attention  sur  leur  cout  et  leur  difficulty  de  mise  en  oeuvre* 

AVANT-PROPOS 

11  est  d'usage  dans  la  presse  et  les  manifestations  aeronaut iques  de  s'extasier  devant  la 
sophistication  et  la  fiabilite  des  materials  modernes*  d'autant  que  ces  caracteristiques 
apparaissent  souvent  contradicto ires • 

L'enthousiasme  des  utilisateurs  et  dos  constructeurs  est  plus  nuance  car  ils  en  connaissent 
le  prix,  les  premiers  en  co(it  d'achat  et  d 'exploit  at  ion  * les  seconds  en  efforts  de  recherches 
et  d'essais  pour  tenter  de  concilier  ce  qui  semble  inconcil iable • 

Nous  allons  tenter  d'identifier  ou  se  situe  exactement  le  problems  et  de  voir,  lorsqu'il  y a 
antagonisms  entre  la  sophistication  et  la  fiabilite,  dans  quelles  voies  il  faut  chercher  le 
me i 1 leur  compromis • 

QU'ENTEND-ON  PAR  SOPHISTICATION  ? 

Un  materiel  dont  la  fonction  premiere  reste  inchangee  devient * a mesure  que  progresse  la 
technique,  de  plus  en  plus  complique  $ on  utilise  pour  I'elaborer  des  materiaux  et  des  procedes 
de  fabrication  de  plus  en  plus  coi^teux  : au  sens  que  I'on  donne  a ce  mot  en  technique  actuel-^ 
lament  -et  il  s'agit  la  probablement  d ' une  legere  impropriety  de  langage*  il  devient  de  plus  en 
plus  sophistique*  Est»ce  normal  et  pourquoi  ? Telle  est  la  question  que  nous  devons  nous  poser* 

En  fait,  outre  la  propriyty  de  base  du  materiel  (pour  un  moteur  d'avion  par  example  le  niveau 
de  poussye)  on  exige  de  voir  ameliorer  d'autres  proprietys  interessant  soit  les  performances 
(niveau  de  bruit,  consommation  specifique),  soit  la  sycurity  (minimiser  sinon  supprimer  les 
risques  de  mettre  I'avion  en  danger),  soit  le  coQt  d 'exploitation  (diminuer  le  nombre  et  le  coQt 
des  interventions  de  maintenances). 

Notre  propos  ne  sera  pas  d'analyser  en  detail  les  compromis  qui  peuvent  avoir  ameny  a definir 
les  reglements  de  sycurity  auxquels  doit  se  conformer  le  constructeur  ou  les  performances  impo* 
sees  par  1 * ut i 1 isateur * Prenant  ces  compromis  comme  donnees  de  base,  nous  en  examinerons  les 
consequences  et  les  choix  qu'il  reste  au  motoriste  pour  delivrer  un  materiel  aux  codts  d'achat 
et  d 'exploitat ion  minimaux.  Il  nous  paratt  toutefois  important,  dans  ce  cadre  de  rappeler  que 
la  notion  de  security  peut  verier  en  fonction  de  1 ' ut ilisat ion  * Sur  un  avion  commercial  multi- 
moteurs,  les  ryglements  imposent  la  possibility  de  dycoller  et  de  voler  avec  un  moteur  en 
panne  : dans  ce  cas  I'extinction  moteur,  a condition  qu'elle  ne  soit  pas  trop  frequente,  ne  met 
pas  en  cause  la  security  de  I'avion  -de  par  la  conception  de  celui-ci-  et  les  seules  pannes  a 
prendre  en  cons idyrat ion  pour  la  sycurity  sont  par  example  le  feu,  la  contamination  de  I'air 
cabine  ou  I'yjection  de  debris  non  contenus * 

Il  en  ira  tout  autrement  pour  un  intercepteur  monomoteur  ou  la  panne  du  moteur  entratne  la 
perte  sinon  du  pilote  tout  au  moins  celle  de  I'avion*  On  comprendra  done  pourquoi,  a la  demande 
des  utilisateurs,  les  systemes  de  rygulation  des  propulseurs  des  avions  monomoteurs  sont  beaucoup 
plus  sophistiquys  que  ceux  des  propulseurs  civile. 

LES  DIVERS  ASPECTS  DE  LA  FIABILITE 

Apres  avoir  defini  ce  que  nous  entendons  par  sophistication  du  materiel,  il  nous  paratt 
utile  de  rappeler  la  definition  de  la  fiabilite  : e'est  la  probability  qu'a  un  matyriel  de  rem- 
plir  sa  fonction  dans  des  conditions  dyterminees  et  pendant  un  temps  donny.  La  difficulty 
majeure  est  qu'un  matyriel  a toujours  plusieurs  fonctions,  plus  ou  moins  indypendantes  et  la  loi 
bien  connue  de  I'ennui  maximum  veut  qu'en  amyiiorant  la  fiability  de  I'une  vous  ayiez  toutes  les 
chances  de  dytyriorer  celle  des  autres • 

Par  example  si  pour  assurer  de  fa^on  certaine  la  fermeture  d'un  circuit  carburant  on  met  deux 
vannes  en  serie  au  lieu  d'une,  on  multiplie  par  deux  la  probability  de  non  ouverture  en  cas  de 
besoin*  De  myme , assurer  une  bonne  probability  de  coupure  d'un  moteur  en  cas  d'urgence  conduira 
A augmenter  la  probability  de  coupure  intempestive  en  service  normal* 
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Nous  sommes  done  anenes  a differencier  les  fonctions  et  done  les  pannes  d'un  materiel  suivant 
qu'elles  interessent  la  seeuritey  les  perfonnanees  ou  plus  prosalquement  I'aspeet  operationnel 
de  leur  utilisation  (retards,  annulation  de  vol  ete««.)  et  le  ehoix  residera  essentiellement  dans 
les  fonetions  a privilegier  par  rapport  aux  autres  : en  fait  nous  voyons  done  que  le  compromis 
sophist ieation-fiabi 1 ite  est  surtout  un  eompromis  entre  les  fiabilites  des  diverses  fonetions 
d ' un  materiel  • 

Pour  un  moteur  d'avion,  le  probleme  se  pose  differemment  suivant  que  1 ' on  considers  les  par* 
ties  structurales  (rotor,  stator  et  points  de  suspension)  ou  les  equipements  de  contrdle  et  de 
regulation • 

Pour  les  parties  structurales,  la  redundance  n'existe  qu'au  niveau  des  elements  d'assemblage 
ou  de  fixation  interne  du  moteur.  La  plupart  du  temps  une  amelioration  de  la  qualite  matiere  ou 
du  dessin  se  traduira  par  une  augmentation  du  niveau  de  securite  et  s imultanement  par  une  augmen* 
tation  de  la  longevite  des  pieces.  Cette  regie  n*est  pas.absolue  : il  peut  y avoir  conflit,  par 
example  pour  une  aube  fan  entre  I'endurance  et  la  resistance  au  choc  au  niveau  du  choix  des 
formes  mais  de. tels  cas  sont  suffisamment  rares  pour  que  nous  puissions  considerer  qu*au  niveau 
des  structures,  une  amelioration  iiiteresse  I'ensemble  des  fonctions  du  materiel. 

Pour  les  elements  de  regulation  et  de  contrdle,  par  contre,  la  redundance  est  souvent  utili- 
ses pour  accrottre  le  niveau  de  securite  : dans  ce  cas,  le  doublement  des  chaines,  avec  l*adjonc- 
tion  de  dispositifs  de  commutation  et  de  detection  d'etat  introduit  ineluctablement  une  multiplica- 
tion des  actions  de  maintenance  corrective  et  meme  preventive  s'il  y a panne  cachee. 

Pour  illustrer  ces  differentes  considerations,  nous  vous  proposerons  deux  examples. 

CE  QU'IL  FAUT  EVITER 

Le  premier  exemple  est  elementaire  et  schematise  ce  qu'il  ne  faut  pas  faire  en  matiere  de 
sophistication  inutile . 


CARBURANT  RtolAtfFE 
odes  SOUS  PRESSMM 

o 


PRtl^VEIlieiT  n 
COMPRESSEUR 

o 


VERS  RAMPE  0 MJECnON 

nictmm 


VERS 

TwrtHt  D’ijecrm 


CARflURANT  RteHAUFFE 
DOS  SOUS  PRESSKM 

o 


PR^UVEMENT  AR 
COMPRESSEUR 
O 


ORIFICE  CALIBRE  A Jk 


aAPET 

ANn-RETOUR 


ORIFICE  CALIBRt  B J 


VERS  RAMPE  O'INJECTION 
KCHMUfFt 


VERS 

mtK  D'ijeCTHM 


FI6.1 

SOPHISTICATION  ET  FIABUTE.-  PURGE  DE  RAMPE  RECHAUFFE 


Un  systems  d' alimentation  en  carburant  de  rechauffe  est  equipe  d'un  dispositif  de  purge  de 
rampe  pour  les  fonctionnements  sans  rechauffe  pour  eviter  les  risques  de  cokefaction  dans  la 
rampe . 

Le  circuit  est  constitue  d'un  clapet  3 voies  qui  laisse  passer  le  carburant  vers  la  rampe 
s'il  y a pression  de  carburant  et  qui  laisse  passer  I'air  sortie  compresseur  vers  la  rampe  dans 
le  cas  contraire  : cette  alimentation  en  air  se  fait  par  un  potentiometre  pneumatique  constitue 
de  deux  orifices  calibres  A et  B ainsi  que  figure  en  Figure  1. 

La  panne  k craindre  est  la  fuite  de  carburant  dans  le  circuit  d'alimentation  de  la  purge, 
fuite  dont  une  remontee  vers  le  compresseur  est  consideree  comme  dangereuse. 

Si  I'orifice  B n'est  pas  obture,  une  fuite  eventuelle  sera  drainee  par  cet  orifice  : la 
pression  entre  A et  B etant  inferieure  a la  pression  sortie  compresseur,  il  n'y  a pas  de  risque 
de  remontee  de  carburant  vers  le  compresseur. 

Certains  esprits  un  peu  puristes  arguerent  du  caractere  dormant  de  la  fuite  du  clapet  et  du 
colmatage  du  drain  en  B pour  demander  1 ' introduction  d'un  clapet  anti-retour  sur  le  circuit 
d'air  pour  "pallier  toute  4ventualite"  et  furent  malheureusement  ecoutes  : le  clapet  introduit 
litait  malheureusement  le  moins  fiable  des  elements  en  presence  et  sa  panne  (coince  ouvert)  ^tait 
egalement  dormante.  Un  rapide  et  simple  calcul  de  probabilite  tenant  compte  de  temps  eventuels 
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entre  inspections  montra  que  le  niveau  requis  par  la  securite  pouvait  s'obtenir  : 

• soil  en  maintenant  le  clapet  anti*retour  en  le  verifiant  toutes  les  lOO  heures 

- soit  en  verifiant  le  drain  ou  le  clapet  trois  voies  toutes  les  3 5OO  heures  ce  qui  pernet* 
tait  de  supprimer  le  clapet  fnti^retour* 

La  conclusion  est  qu'il  ne  sert  a rien  d*introduire  des  securites  dont  il  n'est  pas  possible 
de  verifier  siraplement  I'etat  reel  : le  niveau  de  securite  n'est  pas  necessairenent  accru  et  ces 
nateriels  sont  sources  d'un  alourdissement  certain  de  la  maintenance  et  de  son  coQtt  • 

Apres  cet  exemple  simple  nous  aliens  revenir  sur  le  probleme  de  la  regulation  des  noteurs 
destines  a equiper  des  avions  monomoteurs. 

LE  PRIX  DE  LA  SECURITE  SUR  UN  AVION  MONOMOTEUB 

Le  choix  d'un  avion  raonomoteur  entratne  pour  1 ' ut i lisateur  ou  I'avionneur  la  necessite  d'im- 
poser  pour  les  arrSts  moteurs  sans  possibilite  de  reallumer  un  taux  beaucoup  plus  faible  que 
celui  accepts  dans  I'aviation  commercials  ou  cette  panne  peut  Stre  consideree  comme  mineure.  II 
y aura  done  sur  un  tel  moteur  ce  que  nous  allons  appeler  un  secours  regulation  et  il  va  nous 
falloir  definir  quelles  sont  les  pannes  que  devra  pallier  ce  secours. 

Sont  exclues  bien  sQr  de  ce  lot  les  pannes  portant  atteinte  a I'integrite  du  moteur  et  pour 
lesquelles  il  n'y  a aucune  parade. 

Parmi  les  pannes  justiciables  d'un  secours,  il  y a,  par  ordre  de  gravite  decroissante  : 

« la  rupture  d ' entratnement  des  accessoires  moteur  et  avion 

- la  rupture  d 'entratnement  des  accessoires  moteur,  les  accessoires  avion  etant  toujours 
entratnes 

• la  rupture  d ' entratnement  des  accessoires  moteur  sauf  de  la  pompe  d * al imentat ion  de  re- 
chauffe 

- la  rupture  d 'entratnement  de  la  pompe  du  moteur  sec,  tous  les  autres  accessoires  moteurs 
etant  toujours  entratnes 

- les  blocages  de  manette  de  gaz  ou  de  vanne  de  dosage 

- les  defaillances  de  la  partie  calcul  hydromecanique 

- les  defaillances  de  la  partie  calcul  electronique. 

La  frequence  de  ces  pannes  est  en  general  fonction  decroissante  de  leur  gravite.  Aux  deux 
extremes  nous  trouvons  les  pannes  electroniques  plus  frequentes  mais  assez  facilement  parables 
et  la  perte  complete  de  1 'entratnement  d ' accessoires , panne  beaucoup  plus  grave  mais  heureu- 
sement  beaucoup  moins  probable. 

La  panne  electronique  peut  Itre  palliee  soit  par  redondance  soit  par  le  choix  prealable  de 
limiter  I'action  de  1 ' electronique  a des  corrections  des  ordres  d'un  regulateur  hydromecanique 
preponderant  : dans  ce  dernier  cas,  on  assure,  raalgre  une  certaine  degradation  des  performances, 
la  possibilite  de  ramener  I'avion  a sa  base  ou  au  terrain  le  plus  proche  mais  1 ' electronique 
etant  moins  compliquee,  elle  aura  moins  de  pannes  qu'une  electronique  preponderante  et  redon- 
dante  et  necessitera  done  moins  d ' intervent  ions  de  maintenance  corrective. 

Quant  a la  perte  d * entratnement  des  accessoires,  elle  conduira  a prevoir  un  secours  total 

incluant  tous  les  elements  normaux  d'une  regulation  : source  de  carburant  sous  pression,  organes 

de  dosage  et  organes  de  calcul  du  debit. 

Entre  ces  deux  cas  extremes  se  situent  toutes  les  solutions  ou  1 ' on  ne  pallie  qu'une  partie 
des  pannes  possibles  prenant  le  risque  des  autres  en  fonction  de  leur  probabilite. 

Dans  tous  les  cas  I'obtention  d'une  faible  probabilite  d'une  extinction  en  vol  aura  pour 
contrepartie  ; 

- la  necessite  de  verifier  per iodiquement  le  bon  fonct ionnement  du  secours 

- 1 ' augmentat ion  du  nombre  de  missions  annulees  ou  modifiees  a cause  des  pannes  du  secours 
lui-mime  ou  de  pannes  induites  par  le  secours  sur  la  regulation  normale 

- des  incidences  sur  le  poids  et  le  prix  qu'il  n'est  pas  dans  notre  propos  de  developper  ici 
mais  qui  peuvent  etre  determinantes  • 

CONCLUSION 

En  conclusion,  nous  pouvons  dire  que,  surtout  au  niveau  des  systemes,  la  sophistication 
necessaire  a I'obtention  d'un  certain  niveau  de  securite  ou  de  d isponibi 1 ite  est  souvent  sinon 
presque  toujours  synonyme  de  redondance  : malheureusement  1 ' uti lisation  de  techniques  redondantes 
n'est  pas  gratuite  que  ce  soit  en  coQt  d'achat,  coOt  de  maintenance,  poids,  etc...  Sachant  que 
dans  ce  domains,  le  mieux  est  souvent  I'ennemi  du  bien,  1 ' ut i 1 i sateur , aide  bien  sQr  par  le 
constructeur , devra  savoir  definir  clairement  ses  objectifs  prioritaires  et  en  connattre  le  prix 
a payer  dans  tous  les  domaines  de  1 ' ut i 1 isat ion  du  materiel. 


DISCUSSION 


J.A.Aguer 

( 1 ) Mr  Rennesson  a indique  qu’une  extinction  moteur  sur  un  avion  commercial  ne  met  pas  en  cause  la  securite  de 
■'avion,  du  faut  des  conditions  de  certiDcation. 

Je  crois  que  cette  position,  bien  que  certifiee  sur  le  plan  de  la  reglemcntation,  doit  cependant  etre  tres  nuancee. 

La  panne  de  moteur,  au  decollagc  en  particulier,  si  elle  entraine  un  arret  de  celui-ci,  constitue  sur  les  avions 
presents  notamment  les  avions  a grande  capacite,  un  risque  potentiel  important  qui  necessitera  une  sophistica- 
tion croissante  des  systemes  de  controle  en  particulier,  qu’il  est  deja  necessaire  de  prevoir  d’ailleurs  avec 
I’emploi  des  performances  de  secours  on  contingency  rating. 

(2)  La  sophistication  croissante  des  systemes  devra  neanmoins  faire  I’objet  d’etudes  et  d'essais  extremement  pousses 
si  Ton  veut  eviter  que  la  sophistication  recherchee  se  traduise  par  une  baisse  g6nerale  et  fictive  de  la  fiabilite 
basique  du  systeme  — en  raison  des  pannes  inherentes  aux  chaines  de  controle  ajoutees  au  nom  d'une  plus  grande 
sophistication.  Cette  remarque  est  basee  sur  les  modes  de  pannes  sur  an  avion  tres  recemment  mis  en  service. 

R^ponse  d'auteur 

( 1 ) Je  suis  d’accord  avec  M.  Aguer:  un  arret  en  vol,  meme  sur  un  multimoteurs  n’est  pas  un  evenement  negligeable 
(il  est  considere  comme  panne  mineure  en  vol  et  panne  majeure  au  decollage).  La  frequence  permettant  de 
maintenir  la  double  panne  (panne  critique  a catastrophique  dans  les  limites  permises  par  le  reglemcntation  se 
situe  aux  environs  de  2 par  1 0 000  heures  de  vol. 

J’ai  d'ailleurs  precise  dans  mon  expose  que  pour  les  moteurs  civils,  une  panne  moteur  n’affecte  pas  dangereuse- 
ment  la  securite  a condition  qu'elle  ne  soil  pas  trap  frequente,  c’est-a-dire  a condition  que  la  probabilite  de  la 
double  panne  rest  conforme  aux  imperatifs  reglementaires. 

Mon  propos  etait  surtout  d’indiquer  que  sur  un  monomoteur  de  combat,  meme  un  tel  taux  est  inacceptable  et 
qu’il  faut  pour  ces  materiels  des  systemes  de  regulations  beaucoup  plus  sophistiques  pour  atteindre  le  niveau 
de  securite  requis. 

(2)  La  remarque  de  M.  Aguer  rejoint  la  conclusion  de  mon  propos  qui  visait  surtout  les  utilisateurs  militaires  mais 
qui  est  tout  aussi  valable  pour  le  materiel  civil. 

La  seule  difference  est  que  pour  ces  derniers,  le  niveau  de  securite  est  defini,  non  par  I’utilisateur  mais  par  la 
reglemcntation.  Dans  ce  cadre,  c’est  done  au  constructeur,  responsable  de  la  conception  vis-a-vis  des  Autorites 
Certifiantes,  de  definir  le  niveau  de  complexite  necessaire  a la  satisfaction  du  reglement:  il  est  tout  aussi 
evident  que  pour  les  materiels  actuels,  cette  demarche  ne  peut  se  faire  qu’avec  I’avis  et  la  collaboration  de 
I’utilisateur. 
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SUMMARY 

This  paper  describes  a procedural  method  to  follow  for  the  creation  of  a life  estimate  of  aircraft 
gas  turbine  engine  components.  The  method  consists  of  three  segments  - the  calculation  of  a modulus,  the 
determination  of  a critical  material  property,  and  a comparison  of  the  modulus  to  the  material  property 
vrith  a resulting  Judgment.  Each  segment  is  discussed  in  qualitative  terms  and  related  to  required  valida- 
tion and  acceptance  testing. 


INTRODUCTION 

Reliably  predicting  the  functional  life  of  an  advanced  aircraft  turbine  engine  component  is  at  best 
a difficult  task.  The  difficulty  lies  in  both  calculating  the  effect  of  the  interaction  of  complex  com- 
ponent geometry  and  material  with  the  severity  of  the  engine's  environment  through  its  diverse  operational 
envelope  and  resolving  the  calculations  into  a life  estimate.  Despite  the  seemingly  high  complexity  of  the 
techniques  employed  in  conducting  a component  life  prediction,  there  is  one  underlying  procedure  employed. 
This  procedure  consists  of  three  segments  - the  calculation  of  a modulus,  the  determination  of  a critical 
material  property,  a comparison  of  the  modulus  to  the  material  property  with  a resulting  Judgment.  This 
paper  will  discuss  current  accepted  techniques  used  in  the  accomplishment  of  these  three  basic  segments 
and  relate  them  to  required  validation  and  acceptance  testing. 


BACKGROUND:  THE  GENERAL  PROBLEM 

During  the  past  quarter  century  of  aircraft  turbine  engine  development,  engine  component  life  has 
grown  from  approximately  5 hours  of  service  life  to  an  average  engine  overhaul  limit  of  1000  hours.  Life 
commitments  on  advanced  engines  are  approaching  4000  hours  on  "cold"  components  (not  in  the  hot  gas. stream) 
and  about  2000  hours  on  "hot"  components  (in  the  hot  gas  stream).^  These  service  life  advancements  have 
been  achieved  through  the  combination  of  new  materials  and  advancements  in  design  technology.  However, 
design  demands  are  rapidly  overtaking  design  abilities  and  the  increasing  life  trends  for  many  components 
are  being  reversed. 

The  increasing  design  demands  have  exhibited  themselves  through  an  Increase  in  both  the  severity  of 
the  engine  component's  environment  and  the  component's  operating  stress  level.  For  example,  since  1955, 
the  average  tangential  stress  level  of  turbine  disks  at  maximum  engine  operating  speed  has  more  than 
doubled.  This  trend  is  shown  in  Figure  1.  This  typical  increase  in  disk  stress  level  has  occurred  due  to 
design  criteria  which  have  resulted  in  complicated  geometry,  high  rotational  speed,  high  differential 
pressure  and  by  a high  thermal  gradient  and  operating  temperature.  As  a result  of  these  changing  design 
criteria,  engine  disks  are  becoming,  in  general,  reduced  in  service  life  through  their  susceptibility  to 
failure  through  low  cycle  fatigue  (LCF)  as  opposed  to  the  more  historical  strength  failure  modes  of  creep 
or  stress  rupture. 

Accurate  knowledge  of  which  failure  modes  are  likely  to  be  dominant  for  a given  component  is  of  para- 
mount importance  in  the  life  analysis  of  all  the  engine's  mechanical-structural  systems.  For  example,  one 
must  be  aware  that  low  cycle  thermal  fatigue  would  be  a major  problem  with  dilution  cooled  combustors  as 
well  as  thermal  distortion,  buckling,  oxidation,  and  burning  in  order  to  design  and  estimate  the  life  of  a 
combustor  accurately.  The  diversity  of  life  considerations  for  an  engine  are  shown  in  Figure  2.  These 
life  considerations  illustrated  are  by  no  means  complete,  but  they  demonstrate  the  generic  classes  of  life 
considerations,  from  inlet  to  exit,  of  a modern  engine  that  requires  investigation  during  the  engine  design 
cycle.  In  addition,  in  the  determination  of  the  service  life  of  an  engine  component,  one  must  be  aware 
that  many  failure  modes  are  so  dependent  upon  the  engine  usage,  that  a new  life  analysis  must  be  accom- 
plished for  each  new  flight  vehicle  application. 

The  problem  of  reduced  engine  component  service  life  can  be  solved  by  utilizing  the  proper  procedure 
for  doing  life  prediction  during  the  engine  design  process.  This  paper  will  discuss  a procedure  to  follow 
in  order  to  create  a reliable  engine  design  through  accurately  designing  and  assessing  the  life  of  the  com- 
ponents. 


THE  PROCEDURE 

To  put  the  procedure  for  life  prediction  of  engine  components  in  perspective,  consider  the  basic 
engine  design  cycle  Illustrated  in  Figure  3.  The  engine  design  cycle  usually  consists  of  eight  phases  and 
starts  with  a customer  defining  the  desired  aircraft  ml8slon(s).  From  this  data,  the  propulsion  require- 
ments are  derived  which  result  in  a preliminary  aero-thermal  design  of  the  engine.  Based  upon  this  pre- 
liminary design  configuration,  the  total  engine,  component-by-component,  is  structurally  designed,  analyzed 
and  each  component's  functional  life  estimated.  This  is  the  portion  of  the  engine  design  cycle  (sho%m  in 
the  dotted  circle)  where  the  procedure  for  component  life  prediction  characterized  by  this  paper  is  utilized. 
Once  an  acceptable  component  and  engine  life  has  been  verified  through  testing,  the  engine  is  ready  to  be 
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initiated  into  service  usage.  The  time  normally  required  to  reach  this  point  in  the  design  cycle  is  ten 
years.  At  this  point,  however,  requirements  of  the  initial  aircraft  mission  have  normally  been  altered  to 
the  point  where  the  engine  must  traverse  the  design  cycle  once  again,  but  in  far  less  detail. 

It  must  be  remembered  in  reviewing  this  simplified  representation  of  the  engine  design  cycle  that 
there  is  a continuous  looping  of  information  between  each  phase  which  must  stay  flexible.  Additionally, 
constant  alertness  must  be  maintained  to  insure  that  conflicts  do  not  occur  between  component  life  goals 
and  flight  vehicle  applications  or  aircraft  missions.  One  must  also  maintain  a firm  understanding  of  the 
effects  of  analysis  or  data  scatter  in  one  phase  on  the  results  of  other  phases. 

The  design  system  must  also  consider  a specific  overhaul  and  maintenance  schedule  as  a design  goal  in 
terms  of  integral  orders  of  component  lives.  Failure  to  accomplish  this  task  properly  could  result  in  an 
unacceptable  propulsion  system  in  terms  of  logistic  support  and  life  cycle  cost.  The  need  to  consider  life 
cycle  cost  in  design  can  be  well  illustrated  by  comparing  component  replacement  costs  as  a function  of 
design  year.  As  shown  in  Figure  4,  the  cost  of  titanium  disks,  based  upon  a 1960  price,  will  more  than 
double  by  1980.  Also,  by  1980,  the  cost  of  nickel  base  disks  will  Increase  by  fivefold.  Thus,  the  design- 
er must  consider  performance,  life,  schedule  and  cost  more  equally  today  than  ever  before  in  creating  a 
propulsion  system. 


PROCEDURE  SEGMENT  #1 

The  first  segment  of  life  prediction,  the  calculation  of  a modulus.  Is  basically  the  "structural 
analysis"  phase  of  the  engine  design  cycle  (Figure  3).  The  three  most  important  moduli  are  stress,  strain 
and  energy.  The  calculation  of  these  moduli  require  an  estimate  of  the  intended  engine  service  usage  to  be 
made  so  that  the  analyses  are  conducted  under  the  properly  chosen  boundary  conditions.  The  analysis  cal- 
culations are  best  derived  through  the  application  of  finite  element  type  computer  programs  exemplified  by 
the  NASA  structural  analysis  program,  NASTRAN.  These  types  of  computer  analysis  programs  do  yield  precise 
values  of  stress,  strain,  energy,  deflection,  etc.,  provided  precise  values  of  boundary  conditions  are 
available  and  used  for  input.  The  need  for  precise  boundary  conditions  cannot  be  overemphasized;  for  when 
they  are  in  error,  the  analysis  will  be  in  error  regardless  of  which  computer  program  or  analysis  method  is 
utilized . 

The  term  "boundary  conditions"  includes  all  pressures,  temperatures,  forcing  functions,  rotational  and 
directly  applied  forces  on  a component.  Boundary  conditions  do  not  include  material  properties  or  the  var- 
iation in  component  geometry  and  material  properties  as  a result  of  manufacturing  tolerance  and  processing. 
Usually,  boundary  conditions  must  be  estimated  for  the  first  iteration  of  all  stress  analyses.  However, 
after  the  engine  component  is  tested  under  the  proper  conditions  with  instrumentation,  the  boundary  condi- 
tions will  be  more  precisely  known  and  must  be  used  in  a refinement  of  the  original  stress  analyses.  Thus, 
the  correct  analysis  technique  is  to  continually  refine  the  stress  analysis  as  more  precise  definition  of 
the  boundary  conditions  evolve.  Ideally,  this  process  should  be  carried  out  for  each  component.  However, 
in  today’s  engine  development  environment  of  limited  time  and  resources,  only  the  critical  components  can 
be  analyzed  in  this  detailed,  iterative  fashion.  The  components  to  be  considered  as  critical  are  the  rota- 
ting components  such  as  disks,  blades  and  shafts  which  produce  high  levels  of  kinetic  energy  during  engine 
operation.  Other  major  components  such  as  stationary  stator  vanes,  combustors  and  cases  can  usually  evolve 
with  somewhat  less  precise  analysis  if  proven  conservative  during  qualification  testing. 

The  analysis  techniques  utilized  should  be  compatible  with  the  state  of  stress  incurred  by  the  com- 
ponent. For  locations  of  high  stress  (areas  where  material  plastic  or  creep  flow  will  occur),  a detailed 
Inelastic  solution  technique  must  be  employed.  For  component  areas  that  are  cyclically  strained,  a solu- 
tion must  be  obtained  for  each  set  of  cyclic  boundary  conditions  experienced.  Additionally,  the  analysis 
technique  utilized  must  be  applicable  to  the  class  of  structure  being  analyzed.  One  needs  to  use  shell 
finite  element  programs  on  shell-like  structures  such  as  combustors  and  cases  and  solid,  three-dimensional 
element  programs  on  critical  solid  structures  like  disks  and  blades.  Care  must  be  exercised  in  each 
analysis  that  a cost  effective  solution  is  achieved  in  the  time  period  where  it  will  impact  the  design 
process  most  meaningfully.  It  does  little  good  to  try  to  optimize  the  design  of  a blade  dovetail  after 
manufacturing  release  has  been  given  for  the  disk. 

The  most  difficult  facet  of  an  analysis  is  the  determination  of  a design  "duty  cycle"  from  a matrix 
of  possible  flight  missions.  One  accepted  method  of  accomplishing  this  task  is  to  simply  survey  existing, 
similar  engine  usage.  Data  recorded  for  non-dwell  effected  components  during  the  survey  would  include  rpm 
excursion  (percent  of  maximum)  and  frequency  of  rpm  excursion  occurrence  for  the  class  of  engine  activities 
estimated  for  the  new  design.  Typical  military  engine  activities  to  be  considered  in  the  survey  should 
include : 

Take-Off 
Landing 
Touch-and-Go 
Air  Maneuvers: 

Alr-to-Air  Combat 
Air-to-Ground  Combat 
Bomb  Delivery 

From  the  survey  data,  one  would  pick  the  most  severe  magnitude  and  frequency  of  throttle  movement  for  each 
activity  and  use  it  as  a design  subcycle.  Each  subcycle  would  be  normalized  on  frequency  of  occurrence 
to  one  flight  and  combined  in  proper  order  to  produce  a design  duty  cycle.  Such  a procedure  is 
Illustrated  in  Figure  5 and  Figure  6. 

In  Figure  5,  three  subcycle  flight  activities  are  shown  on  the  left  of  the  figure  for  two  different 
configurations  of  the  same  engine  model.  The  data  represents  a 100  flight  survey  in  terms  of  percent  Nx 
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throttle  excursion.  Based  upon  this  data,  a set  of  design  subcycles  were  constructed  for  the  non—dwell 
effected  components.  On  the  right  of  Figure  5,  the  chosen  design  subcycles  are  shown.  In  Figure  6, 
these  subcycles  are  shown  combined  together  to  form  the  actual  design  duty  cycle  on  a one  flight  basis. 

This  type  of  duty  cycle  creation  is  acceptable  for  non-dwell  effected  components  where  Induced  stresses 
from  the  subcycle  activity  are  governed  primarily  by  centrifugally  created  forces. 

For  components  which  are  dwell  effected  and/or  exposed  to  high  (>  40X  absolute  material  melting 
temperature)  operating  temperatures,  the  rpm  effects  are  not  as  dominant  and  the  stress  variations  result- 
ing from  engine  rpm  changes  are  difficult  to  predict  without  knowledge  of  the  effects  of  the  incurred 
thermal  gradients.  For  these  components  that  are  temperature  and  temperature  gradient  affected,  one  must 
also  record  the  dwell  time  and  temperature  associated  with  the  subcycle  activity.  One  must  have  this 
knowledge  so  that  the  created  design  duty  cycle  for  the  dwell  affected  components  is  realistic  in  terms  of 
creep  time  and  stress  relaxation  allowances. 

During  the  analysis  of  each  component,  there  is  a very  Important  but  frequently  overlooked  life 
analysis  consideration.  This  consideration  includes  the  secondary  flow  (cooling  air  flow)  and  resulting 
heat  transfer  analysis  as  it  is  affected  by  the  engine's  structural  response  to  each  duty  cycle  throttle 
motion.  This  secondary  flow  analysis  must  be  conducted  because  even  subtle  hardware  deflection  can  cause 
localized  flow  and  temperature  changes  to  occur  which  can  have  a substantial  influence  on  the  life  of  many 
critical  components.  The  secondary  flow  analysis  is  very  difficult  to  accomplish  due  to  the  Inadequacies 
of  currently  available  fluid  flow  models  to  predict  3-dimensional  fluid  heat  transfer  behavior.  As  a result 
of  the  limitations  of  analysis,  detailed  testing  should  be  accomplished  to  insure  that  secondary  flow 
effects  are  thoroughly  characterized  for  each  component.  Failure  to  do  the  proper  detailed  testing  and 
analysis  of  the  secondary  flow  effects  will  result  in  a component  design  that  is  high  risk  in  terms  of 
achievement  of  design  life. 


PROCEDURE  SEGMENT  #2 

The  second  segment  of  life  prediction  is  the  determination  of  a critical  material  property.  This 
occurs  during  the  "material  characteristics"  portion  of  Figure  3,  the  engine  design  cycle,  and  must  con- 
sider the  environment  produced  in  the  engine  as  it  responds  to  its  duty  cycle  throttle  settings. 

For  static  structures,  the  property  may  be  yielding,  ultimate  strength  or  fracture  toughness  at  a 
particular  operating  temperature.  For  rotating  components,  it  may  be  endurance  stress  (fatigue),  ultimate 
stress,  .02%  yield  stress,  fracture  toughness  or  any  combination  of  these  properties. 

Regardless  of  which  material  properties  are  chosen,  there  will  be  data  scatter  associated  with  them 
that  must  be  taken  into  consideration.  The  consideration  of  the  scatter  is  in  reality  a determination  of 
the  acceptable  failure  rate  of  the  material  in  a cl.jsen  mode.  A currently  accepted  practice  is  to  assume 
a normal  material  property  distribution  and  to  use  a material  property  that  has  been  reduced  from  the 
average  of  empirical  data  by  three  standard  deviations  (-3a).  This  translates  into  99.87%  of  the  popula- 
tion having  a value  in  excess  of  the  chosen  property  level. 

It  is  very  Important  that  effects  of  environment  and  manufacturing  processes  be  considered  in  the 
choice  of  the  material  properties  as  they  usually  have  a pronounced  effect.  These  effects  are  especially 
severe  on  the  fatigue  characteristics  of  engine  utilized  materials.  In  a like  manner,  care  must  be  exer- 
cised during  the  determination  of  the  critical  material  property  that  consideration  is  given  to  heat-to- 
heat  variation  and  vendor-to-vendor  variation.  Additionally,  one  must  insure  that  he  has  an  understanding 
of  the  effect  of  geometry  upon  the  properties.  For  example,  for  thin  wall  cast  airfoils,  one  needs  to  test 
thin  wall  cast  specimens  for  the  properties  rather  than  standard  smooth  and  notched  bar  type  specimens. 

The  key  to  life  prediction  accuracy  is  the  proper  interpretation  of  the  empirical  material  data;  the 
better  the  designer  understands  the  materials'  load  carrying  characteristics,  the  more  accurate  his  life 
prediction  will  become.  The  interpretation  of  the  data  is  fundamental  in  the  final  procedural  segment  of 
life  prediction,  procedure  segment  3. 


PROCEDURE  SEGMENT  #3 


The  third  segment  of  life  prediction  is  the  comparison  between  the  results  of  segment  number  one  and 
segment  number  two.  This  comparison  is  the  "life  prediction"  phase  in  Figure  3 and  is  best  accomplished 
through  empirically  established  and  component  correlated  "life  curves".  Three  types  of  curves  are  qualita- 
tively represented  in  Figures  7,  8 and  9.  In  Figure  7,  a qualitative  LCF  S-N  curve  is  shown  for  a constant 
mean  stress  value.  As  can  be  seen,  an  error  in  stress  (strain)  range  determination  or  scatter  in  the 
material  can  separately  or  Jointly  cause  a wide  range  in  predicted  life.  In  Figure  8,  a qualitative  high 
cycle  fatigue  (HCF)  Goodman  Diagram  is  shown.  Again,  as  in  the  LCF  analysis,  errors  in  the  stress  calcula- 
tion can  produce  a wide  range  in  predicted  life.  In  the  determination  of  rupture  life,  shown  qualitatively 
in  Figure  9,  the  effect  of  stress  calculation  errors  and  environment  can  again  separately  or  jointly  cause 
a wide  range  in  predicted  life.  These  curves  repeatedly  illustrate  the  importance  of  both  an  accurate 
stress  analysis  based  upon  accurate  boundary  conditions  and  an  accurate  characterization  of  material. 

In  a life  prediction,  however,  the  actual  determination  of  life  is  derived  from  the  application  of 
empirically  verified  failure  theories  which  relate  a multi-axial  state  of  stress  to  a uniaxial  state  of 
stress  for  which  failure  test  data  has  been  determined.  For  brittle  materials  (elongation  < 3%  in  2 
inches)  under  static  loads,  the  most  common  failure  theory  used  is  Maximum  Normal  Stress  Theory  (Ranklne's 
theory)^.  For  ductile  materials,  (elongation  > 3%  in  2 inches)  under  static  loads,  the  most  common  failure 
theory  used  is  the  Distortion  Energy  Theory  (Huber  - von  Mises  - Hencky  Theory)^.  The  3%  elongation 
criteria  is  only  an  approximation  and  will  vary  from  material-to-material. 
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There  are,  unfortunaCely , very  few  components  within  the  engine  which  operate  under  either  static  or 
quasi-static  loading  conditions.  The  majority  of  loads  are  repeating,  fluctuating  and  rapidly  applied. 

As  a result,  the  majority  of  engine  life  prediction  centers  around  the  calculation  of  damage  accumulation 
from  fatigue.  Two  simple,  well  demonstrated  damage  accumulation  models  to  use  are  the  Palmgren-Miner 
Linear  Damage  Theory^  and  the  Manson  Double  Linear  Damage  Rule^.  These  two  methods  operate  upon  the 
standard  S-N  constant  amplitude  curves  which  are  usually  readily  available  or  relatively  inexpensive 
to  generate.  Newer  methods  like  Strainrange  Partitioning^  show  promise  in  this  technical  area  and  are 
currently  being  evaluated  on  a broad  basis  throughout  the  world.  The  Strainrange  Partitioning  method 
involves  the  determination  of  four  basic  life  relationships  for  the  four  possible  cyclic  combinations  of 
material  plastic  flow  and  creep  flow  and  their  use  in  conjunction  with  an  Interaction  damage  rule  to 
predict  life  limits.  Detailed  Information  on  this  method  is  available  in  Reference  6. 

Throughout  the  turbine  engine  industry,  there  are  many  other  methods  of  assessing  damage  and  graphi- 
cally presenting  a material's  behavior.  However,  to  effectively  use  them  requires  in-depth  knowledge  of 
a particular  design  system  and  in  the  past,  they  have  shown  no  particular  increase  in  life  prediction 
accuracy. 


LIFE  PREDICTION  VALIDATION  THROUGH  ACCEPTANCE  TESTING 

The  accuracy  of  the  life  predicted  for  any  engine  component  is  very  difficult  to  demonstrate  without 
a priori  knowledge  of  full  fleet  experience.  However,  a manufacturer  must  be  able  to  demonstrate  a re- 
quired "durability  level"  by  successfully  completing  a number  of  severity  tests  upon  his  component  and 
engine  design.  Experience  has  shown  that  undue  hardship  testing  does  not  demonstrate  or  insure  durability 
and  life  for  each  engine  component.  This  is  due  to  the  fact  that  the  severe  testing  conditions  do  not 
apply  severe  boundary  conditions  to  each  engine  component  in  a direct  proportion  to  field  usage.  Wliat 
needs  to  be  done  in  order  to  properly  establish  and  utilize  severity  testing  is  to  establish  the  local 
response  of  critical  areas  of  each  component  to  the  precise  boundary  conditions  produced.  This  is  the 
only  way  to  meaningfully  interpret  the  data  from  severity  testing  in  terms  of  validating  a life  predic- 
tion number  or  method.  Unfortunately,  the  type  of  highly  instrumented  testing  required  is  both  very 
costly  and  time-consuming.  Therefore,  whenever  possible,  bench  or  rig  testing  should  be  conducted  in 
lieu  of  full  engine  testing  to  characterize  the  inherent  structural  life  of  the  critical  components. 

The  full  engine  test  should  be  the  vehicle  where  boundary  conditions  are  measured  for  refinement  of 
stress  and  life  analyses,  not  the  demonstration  of  actual  life. 


CONCLUSION 

An  engine  manufacturer  cannot  non-destructively  inspect  quality,  durability  and  long  life  into  an 
engine  component;  they  have  to  be  created  through  careful  design  and  manufacture.  The  level  of  success 
in  achieving  these  desired  qualities  depend  upon  the  designer's  ability  to  iteratively  refine  stress 
analyses,  empirically  characterize  his  material  under  all  applicable  conditions,  and,  with  verified 
repeatable<^echniques , compare  the  analyses  to  the  data  and  obtain  an  acceptable  life  determination. 

The  key  to  each  is  the  identification  of  the  intended  duty  cycle  and,  most  importantly,  the  identifica- 
tion of  accurate  boundary  conditions  as  a function  of  the  duty  cycle. 
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DISCUSSION 


J.C.Ripoll  i 

How  would  you  consider  carrying  out  tests  in  accordance  with  the  duty  cycle  defined  on  Figure  6? 

Would  you  use  rigs  (components)  or  engines? 

Author’s  Reply 

The  cycle  1 have  shown  in  my  figure  represents  a cycle  for  the  non-dwell  affected  components.  These  are  components 
which  are  primarily  dominated  by  centrifugal  effects  and  not  temperature  effects.  When  one  considers  dwell 
affected  components  (which  operate  above  407(  of  the  absolute  material  melting  temperature)  one  must  modify 
that  cycle  to  include  dwell  time,  time  at  temperature  such  that  proper  creep  and  stress  relaxation  is  allowed  to 
occur  during  the  testing.  The  figure  1 was  showing  in  my  slide  would  be  used  for  tc.sl.iig  cold  components,  fan 
or  compressor  components.  You  would  perform  these  cycle  tests  on  a rig  basis  first  and  if  this  proves  the  analysis 
then  you  could  run  the  same  type  on  a full  engine. 
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BES  DIFPERENTS  PROCESSUS  BE  BEGRABATION  BE  PERFORMANCE 
SUR  LES  PROPULSEDRS  MOBERNES 
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RESUME 


Nous  rappelerons  d'abord  quelques  gdn^ralitds  en  oe  qui  concome  I'dvolutlon  de  la  politi- 
que d'entretlen  dee  r^acteure,  et  les  princlpes  d'appllcatlon  fondamentaux  des  mdthodee  de 
monitoring,  puis  nous  examinerons  successlvement  les  Evolutions  des  processus  de  dEgrada- 
tlon  de  performances  d'ordre  thexmodynamlque  et  d'ordre  mEcanlque.  Enfln,  nous  mentlonne- 
rons  un  exemple  du  type  de  contrSle  qui  peimet  d'Evaluer  I'efflcacltE  de  ces  mEthodes,  tant 
du  point  de  vue  technique  que  du  point  de  vue  Economlque . 

1 * 

1 .A.  Evolution  de  la  politique  d'entretlen  des  rEacteurs 
Etapes  fondamentales 

On  peut  dlstinguer  plusleurs  Etapes  fondamentales  dans  I'Evolutlon  de  la  politique  d'entretlen  dee 
rEacteurs  : 

- de  1959  ^ 1963,  les  mEthodes  d'entretlen  conslstalent  essentlellement  A effectuer  des  rEvlelons  gE- 
nEralee  k potentiel  fixe. 

- de  1963  ^ 1966,  furent  pratiquEes  des  rEvlelons  spEclflques  des  parties  froldes  et  dee  parties  chau- 

. des  des  rEacteurs,  avec  introduction  de  vieites  intexmEdiaires . 

i - Ce  n'est  qu'en  I966  que  furent  introduita  lea  programmes  de  fiahilitE  de  propulsion  qui  donnaient 

une  place  importante  aux  mEthodes  de  monitoring. 

; - En  1969,  I'entretien  se  epEcialise  par  sections  (entretien  modulaire),  et  enfln,  en  1972,  les  po- 

tentlels  fixes  (de  section)  font  place  ^ la  notion  de  seulls  de  mlse  en  rEparatlon  (entretien  eelon 
Etat). 

Toutes  ces  mEthodes  oontribuferent  A.  1' optimisation  de  la  fiabilitE  "mEcanlque". 

- En  1975f  la  notion  de  mEthodes  complEmentairea  d'entretlen,  nEcessaires  pour  rEtabllr  les  performan- 
ces, s' impose,  notamment  At  la  suite  de  la  crlse  Economlque  de  1973,  qui  volt  le  prlx  du  carburant  aug^ 
menter  coneldErablement , ce  qui  donne  une  Importance  accrue  au  rEtabliesement  des  consommations  spE- 
clfiques,  en  particuller. 

Objectife 

L'objectif  eseentlel  de  la  politique  actuelle  d'entretlen  des  rEacteurs  consists  ii  survslller  la  fla- 
bllltE  de  propulsion  et  A amEllorer  la  fiabilitE  IntrlnsEque  de  conception  par  une  Evolution  des  stan- 
dards. A cecl  s'ajoute  la  nEcessltE  nouvellement  ressentie  de  prEvenlr  la  dEtErloratlon  des  perfor- 
mances, par  la  mlse  en  oeuvre  de  mEthodes  IntEgrEes  de  surveillance  continue  but  avion.  L'enseoble 
I dee  objectlfs  alnsl  rEsumEs,  contrlbue  A optlmlser  les  coUts  opEratlonnels  et  de  rEvlslon.  (REf  1) 

j Structures 

* Les  structures  de  cette  politique  d'entretlen  consistent  essentlellement  A ; 

I - malntenlr  les  crltAres  gEnEraux  de  fiabilitE  prEcEdenment  en  vlgueur, 

- cholslr  les  mEthodes  de  sxirvelllance  s\ir  avion  en  fonctlon  des  problAmes  et  de  la  teohnologle  des 
rEacteurs , 

- dEvelopper  I'efflcacltE  des  mEthodes  de  surveillance  sur  avion  et  de  vErlfioatlon  au  sol, 

- optlmlser  la  pErlode  d'lnterventlon  en  atelier  po\ir  pratlquer,  en  partloulier,  la  recondltlonneiBent 
du  passage  des  gaz. 

Ces  structures  supposent  un  recotirs  Intensif  aux  mEthodes  de  monitoring,  et  I'on  peut  afflxmer  en 
rEsumE,  que  le  choix,  le  dEveloppement  et  la  mlse  en  oeuvre  des  programmes  de  monitoring  sur  avion, 
prEaentent  dEsoimals  une  imrortance  fondamentale  dans  las  teohnlques  les  plus  oiodemes  d'entretlen 
das  rEacteurs.  (REf  2,  3,  4) 


L 


Prlnclpea  fondamentaux  d' application  dee  m^thodee  de  monitoring 


. Deux  phaaea  eBsentlellea  aarquent  la  d^veloppaaent  da  cee  m^thodee . 


- Enreglatrement  dea  donndea  : 

L'dtude  de  I'hletorlque  dea  rdacteuxe  ayant  aubl  une  paiine  de  mSme  x^tura  pexnet  de  ddga^r 
dana  lea  dlffdrentea  dvolutlona  dee  paramfetree  aurvelllda,  ceux  dont  1 'allure,  antdrleuraoent 
k la  panne,  prdaentent  dea  caract^rea  coionuns.  Dh  cahler  de  elgnaturea  de  pannea  eat  alore 
^tabli. 

- Reconnaissance  des  pannes  et  lanceoent  des  actions  de  corrections  preventives  : 

La  comparalson  avec  lea  references  etablles  cl-dessus  des  comportaments  ulterleurs  dea  reacteurs, 
pexmet  le  diagnostic  du  ddfaut  et  le  lancement  d 'actions  de  corrections  appropriees. 

• Le  signal  d'alerte  doit  8tre  progressif. 


Seuls  sont  susceptlbles  de  survelllanoe  par  une  methode  de  monitoring,  lea  incidents  pour  lesquels 
un  parametre  bien  determine  devle  de  faqon  oaracterlstlque  et  progressive. 

La  figure  1 resume  un  processus  typique.  Lorsque  le  signal  presents  un  ecart  caracterlstlque  par 
rapport  & la  zone  de  dispersion  normals  du  phenomena,  I'anomalle  eat  ddceiee.  Elle  eat  ensulte 
confirmee  et  la  mesure  de  correction  programmee.  Cependant,  le  lancement  de  cette  action  correc- 
tive s'appllque  avec  un  certain  retard,  dd  k la  transmission  et  k I'analyse  des  donnees.  Si  I'in- 
cldent  grave,  en  I'absence  de  mesures  correctives,  se  prodult  au  temps  B,  I'applicatlon  de  la  me- 
sure corrective  auralt  dd  se  fairs  en  un  temps  A Infdrleur. 

La  figure  2 donne  I'exemple  du  monitoring  d'un  rdaoteur  JT9D7  sur  B.747  I'on  volt  une  deviation 
oaraot^ristique  des  paramfetres  temperature  de  gaz  et  debits  oarburant.  L'anomalie  deoeiee  a ete 
confirmee  par  observation  boroscoplque,  elle  results  d'une  diminution  du  Jeu  en  bout  d'allettes  de 
la  turbine  HP,  provoquee  par  un  depart  de  metal  dans  la  veins  des  gaz, A la  suite  d'une  importante 
sulfidation  en  extremite  de  ses  allettes. 

La  figure  3 resume,  pour  les  moteurs  OLYMPUS  du  Concorde,  differentes  evolutions  des  taux  de  pollu- 
tion do  I'huile  en  partioules -de  fer.  Cette  pollution  se  produit  par  suite  d'un  phenomfene  d'usure 
qui  prend  place  sur  certalnes  cannelures  de  I'arbre  de  commande  du  bottler  d'entratnement  des  acces- 
soires.  Celles-ol  sont  elles-mSmes  lubrlfiees  par  I'huile  de  gralesage  normal  des  roulements  prln- 
clpaux  du  reacteur.  Le  phenomena  a'acceibre  rapldement  et  peut  condulre  A la  dlsparltlon  des  canne- 
lures. Les  incidents  graves  (arrSt  du  fonctlonnement  reacteur)  sont  representes  avec  un  fiechage 
noir. 

On  voit  sur  ce  dernier  exemple  que  la  vltesse  A laquelle  crolt  I'usure,  impose  de  fairs  dee  preiA- 
vements  d'huile  toutes  lea  15  heures  environ,  et  d'avoir  le  resultat  presque  immediatement  si  I'on 
veut  maltrlser  le  phenomena,  dans  sa  duree  de  developpement  la  plus  frequents. 

Ces  exemplee  illustrent  le  principe  general  suivant  : la  duree  minimum  de  developpement  du  ddfaut 
avant  incident  grave,  determine  1' organisation  d'application  pratique  de  la  methods  des  points  de 
vue 

- frequence  de  collects 

- deial  maximum  acceptable  de  transmission,  traltement  et  analyse 
des  donnees  recuelllles. 

EVOLUTION  DES  METHODES  DE  SURVEILLAMCE  DES  PROCESSUS  DE  DEGRADATION  DES  PERFORMAMCES  REACTEUR 


Degradations  d'ordre  thermodynamioue 

Trois  grandes  etapes  peuvent  8tre  distingueea  : 


- de  1959  ^ 1963.  on  se  oontentait  de  verifier  le  niveau  dee  performances,  au  banc  d'essai  sol,  lors 
des  revisions  generales. 

- de  1963  k 1975»  le  sulvl  joumalier  des  eoarts  de  performances  Individuellos  des  reacteurs  par 
rapport  k un  reacteur  de  reference  a ete  generalise  et  s'est  vu  complete  par  un  sulvi  perlodlque 
des  performances  moyennes  statistiquos  de  la  flotte.  Toutefols  1 'apparition  des  apparells  gros 
porteurs  (B.747.  DC-10)  ne  s'est  pas  generalement  accompagnee  du  developpement  attendu  des  metho- 
des  AIDS. 

- depuis  1975.  une  instrumentation  appropriee  a ete  introduite,  alnsi  que  des  methodes  d'analyse 
particullfere  pour  I'evaluatlon  des  performances  modulalres.  En  effet,  la  recherche  d'une  mellleure 
efflcaolte  eemble  avoir  oondult  davantage  A la  localisation  des  chutes  de  rendement,  plus  qu'au 
suivi  continu  de  leur  evolution,  par  systAme  d ' enregistrement  embarque.  (Ref  5,  6 et  7) 

Les  figures  sulvantes  illustrent  ces  differentes  etapes. 

. lAre  etape  ! Releve  dee  performances  au  banc 

La  figure  4 sst  relative  au  cas  du  sulvl  du  niveau  de  puissance  au  point  fixe,  d'un  turbopropul- 
seur  DART  entre  sa  sortie  de  revision  generals  et  la  fin  de  eon  potontiel.  Deux  rostaurations  in- 
termedialres  des  performances  ont  prls  place,  I'une  sur  avion  avec  nettoyage  oompresseur,  I'autre 


par  revision  des  parties  chaudes  en  atelier  et  r^afflchage  de  la  puissance  maximum,  au  prlx 
d'une  augmentation  de  la  temperature  de  fonctlonnement. 

2feme  etape  : Sulvl  des  gerformances  en  crolslfere 
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Pour  la  deuxieme  etape,  aux  evaluations  precises  effectuees  au  banc  d'essai,  s'ajoutent  les  In- 
dications relatives  du  sulvl  des  performances  en  orolslfere.  Dane  cette  methods,  S.  ATLAS*  par 
example,  les  donnees  sont  recuelllles  par  le  mecanlclen  navlgant,  transmlses  par  teiegramme  k 
un  ordlnateur  central  depuls  la  premiers  escale  touches,  stockees,  puls  traltees  automatlquement 
cheque  nult  par  un  programme  de  reduction  en  standard  et  de  llssage  mathematlque.  Les  listings 
prodults  sont  analyses  des  le  lendemaln  matin  par  I'lngenleur  de  maintenance.  Le  deial  entre  col- 
lects des  donnees,  analyse  et  lancement  des  mesures  correctives,  est  actuellement  d' environ  une 
dlzalne  d'heures  (au  maximum,  de  24  heures).  II  permet  d'attelndre  couramment  une  efflcaclte  re- 
latlvement  eievee,  dans  la  reconnaissance  des  defauts  se  developpant  k moyen  terme.  thi  essal  11- 
mlte  AIDS  (Air  Integrated  Data  System)  n'a  pas  encore  permls  d'ameilorer  cette  situation,  dans 
ce  domains  du  molns,  au  prlx  ceperidano  d'un  Investlssement  assez  Important. 

Les  figures  6 et  ^ reprodulsent  les  applications  pratiques  du  sulvl  des  performances  en  crol- 
slfere,  ^labor^es  par  Pratt  & Whitney,  General  Electric  et  Rolls  Royce  pour  les  moteurs  JT9D  sur 
B.747,  CF6-50  sur  DC-10  et  A-300,  OLYMPUS  sur  CONCORDE. 

Les  donnees  recuelllles  en  crolslfere  sont  dgalement  analysdes  statlstlquement,  en  les  groupant 
par  type  d' installation.  la  figure  8 represents  I'evolution,  au  cours  des  annees  1974,  1975  sf 
1976,  des  performances  moyennes  flotte  des  reacteurs  JTJD  sur  B.707  A Air  France.  Chaque  point 
represents  la  moyenne  statistique  d' environ  2500  releves. 

La  figure  9,  enfin,  represente  des  exemples  de  suivis  A trAs  court  terme,  effectues  au  cockpit  par 
les  mecaniciens  navigants  dans  le  oas  du  CF6-5O.  L' Incident  est  relatif  A la  rupture  des  boulons 
d 'attache  du  carter  interieur  de  chambre  de  combustion  du  rdaoteur  CF6-50.  II  se  traduit  par  une 
augsentation  brusque  de  la  temperature  des  gaz.  II  est  demande  dans  ce  cas,  de  redulre  la  puis- 
sance pour  eviter  des  dAgSts  secondaires  trAs  importants  (lls  peuvent  se  monter  A plusieurs  cen- 
talnes  de  mllllers  de  dollars)  consAcutlfs  A la  surcharge  du  roulement  de  butAe  du  mobile  HP,  et 
A sa  defaillance  qui  entrains,  en  particulier,  1 ' Interference  entre  rotor  et  stators  de  compres- 
seur  HP  et  leur  destruction. 

3Ame  Atape  : Performances  modulalres 

L'Avaluation  des  performances  modulalres  devient  imperative  pour  contrBler  leur  degradation  dans 
le  temps  et  organiser  un  programme  de  reconditionnement  approprlA. 

Pour  attelndre  ce  but,  11  a fallu  introduire  aux  plans  intermodulaires  une  Instrumentation  com- 
plAmentaire  et  mettre  en  jeu  dee  mAthodee  d' interpretation  approprlAes  (vectorielles  chez  IVA, 
analytiques  chez  G.E.).  (RAf  5) 

Sur  avion,  11  semble  Agalement  eouhaitable  de  pouvoir  assurer  la  permanence  de  la  surveillance 
prAcAdente.  Certaines  solutions  sont  dAjA  prAvues  qul  font  appel  A la  notion  de  transfert  d'ln- 
formatlon  (sous  forms  Alectrlque)  A une  zone  dAterminAe  de  I'avlon,  oA  peut  se  trouver  un  enre- 
gistreur  magnAtique  (PIC  = Plug-in-Coneole  ou  AIDS). 

En  effet,  A ce  stade,  le  volume  des  Informations  A recueillir  rend  obligatoire  leur  oollecte  au- 
tomatlque.  II  est  A noter  que  ce  type  de  sulvl  n'est  pas  envisage  en  contlnu,  mals  A partlr  d'un 
Achantlllonage  Judlcleux  dans  le  temps,  1' Information  Atant  alors  stockAe  dans  une  banque  de  don- 
nAe  centrallsAe,  pour  pouvoir  8tre  analysAe  ensuite  en  diffArA. 

II  faut  noter  enfin  que  la  posslbllltA,  essentlelle  pour  I'utlllsateur,  de  pouvoir  exAcuter  cette 
surveillance,  nAcesslte  au  prAalable  la  collaboration  Atrolte  du  constructeur  moteur  et  de  I'avlon- 
neur,  pour  dAflnlr  les  buts  poursulvls  et  les  mAthodes  d'analyse  employees  pares  que  cela  suppose 
des  moyens  d' Investigations  tout  A fait  partlcullers. 


* Nota  I ATLAS  est  le  consortium  formA  au  niveau  de  I'entretien  par  la  rAunlon  des  compagnles 
aArlennes  AIR  FRANCE,  IBERIA,  LUFTHANSA,  ALITALIA,  SAEENA. 


Sq  r^aum^,  I'organlBatlon  du  sulvi  de  la  degradation  dee  performances  rdacteurs  apparalt  comme 
devant  deeoxmale  fttre  envlsagee  dans  un  ensemble  Integre  & 3 nlveawc, du  type  que  nous  avons  ap- 
peie  BUS  (Bigine  Hjnltorlng  Integrated  Systems). 
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2.B.  Degradations  d'ordre  mecanlgue 

Lea  niethodea  de  surveillance  qul  permettent  de  eulvre  lee  degradations  d'ordre  mdcanlque  les  plus 
courantea  different,  selon  qu'elles  s'adressent  auz  ensembles  mobiles  ou  aux  ensembles  statlques. 

. Bisemblee  mobllea 

Bi  ce  qul  concerns  les  ensembles  mobiles  plusleurs  etanes  peuvent  ttre  dlstlnguees  en  ce  aul 
concame  1' evolution  de  leur  etat  vlbratolre. 

- do  1959  e 1963#  la  perception  physlologlque  des  vibrations  au cockpit  l^oImet  generaloment  de 
aurvelller  de  faqon  continue  I'etat  vlbratolre  (Caravelle). 

- A partlr  de  19^3#  un  ayateme  d'evaluatlon  quantitative  fut  inatalie  sur  avion  Boeing  de  la 
premiere  generation  (B.707,  B.727,  DC  8,  DC  9)*  11  etalt  fait  appel  A des  capteurs  dlts 

"de  vitosee". 

- A partlr  da  19^5,  lea  acceieromdtres , plus  flables,  reoqplacent  les  capteurs  de  vltesse  (B.747)> 

- Bi  1970,  1' Introduction  de  flltrea  "passe-baa"  ot  "passo-haut"  permet  d'iaoler  le  balourd 
sur  lea  mobiles  haute  et  bases  preeslon  (DC  10  et  A3OOB). 

- ^9^6  marque  probablement  une  nouvelle  etape  grftce  au  recours  aux  flltrea  A bands  passante 
"sulveuaa",  qul  permettent  d'attelndre  une  evaluation  de  I'importance  du  balourd  et  de  son 
calage  angulalre,  Independaimient  des  caracterlstlques  d'amortlasement  des  supports. 

La  figure  10  donne  pour  le  CF6-3O,  les  allures  caracterlstlques  des  reponses  d'un  acceieromA- 
trs  au  balourd  cause  par  dee  allettes  de  coiiq)resseur  endommagees,  suite  k ingestion  d'un  corps 
et ranger. 

la  figure  11  reprodult  le  spectre  en  frequences  d'un  rdacteur  CF6-50  presentant  un  balourd 
oaracterlatlque  en  vltesse  de  crolslAre. 

. Bnaemblee  statlques 

Dlfferantea  etapee  mt  margnA  I'evolutlon  dee  methodes  de  surveillance  dee  plAcee  reacteur 
lubrlfieea  par  hulls. 

- da  1959  A 1965  t aeuls  etalent  aurvellies  les  f litres  aur  les  llgnes  de  retour  au  reservoir, 
d 'hulls  des  pallers. 

- an  ^965t  furent  introduits  les  bouchons  magnetiquea, 

- dAa  1970,  lea  methodea  de  spsctrographle  de  1 'hulls  marquent  une  etape  fondamentale  dans 
la  reconnalsaanca  avancea  dea  phenomAnes  d'usure  anoimaux. 
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Bile  a compl^tSe  rdcemment  par  la  m^thode  ESP  (Engine  Soap  Prediction). 

La  prochaine  gdndration  de  rdacteure  verra  peut-«tre  I'inetallation  de  oirouite  de  d^tectione 
BUT  le  rdaoteur  proprement  dit  (eyet^me  ELCA  de  PWA,  eyetSme  FERBOGRAPH  de  US  Navy), 

La  figure  12  illuetre  un  exemple  caractdrietique  de  euivi  par  epectrographie  d'dmiBBion  du  phd- 
nomfene  d'uBure  de  canneluree  d ' entralnement  de  I'arLre  de  oonmande  de  boltier  acceBBoire  d'un 
CF6-50.  In  mdthode  de  euivi  dtant  indirecte.  elle  ndceBBite  d*8tre  coiopldtde  par  une  m^thode  de 
recoupement,  aoit  oonductibilitd  dlectrique  de  I'huile  (teat  EPPi),  eoit  ganmagraphie. 

NOTAS  : 

1 ) Influence  de  la  conBomnation  d'huile 

A ueure  conatante,  le  niveau  de  pollution  ddpend  de  la  consommation  d'huile.  Loraque  oelle- 
oi  eat  conatante,  une  interpretation  qualitative  direote  eat  poaaible.  Sinon  il  eat  ndceaBaire 
de  tenir  compte  de  oea  variationa,  ce  qui  peut  Stre  fait  par  ordinateur  A partir  de  I'enregia- 
trement  du  nombre  de  pleina  entre  preifevementa , et  de  1 ' importance  quantitative  de  ceux-ci. 

La  figure  13  illuatre  cette  ndceasite. 

2)  Influence  de  la  groaaeur  dee  particulea 

L'dtude  de  la  repartition  atatiatique,  on  taille,  doa  particulea  de  metal  engendreea  par  le  phe- 
nomena d'uBure  montre  que  celle-oi  varie  de  faqon  caracteriatique  loraque  le  ddfaut  a'accdiere 
et  que  I'incident  de  fonctionnement  eat  imminent . C'eat  ce  qui  eat  rdaume  par  la  figure  14. 

La  figure  15  illuatre  un  oaa  typlque  de  JT8D  qui  a pu  Stre  malntenu  our  avion  malgre  un  taux  de 
pollution  relativement  eievd. 

3.  CONTROLE  DE  L'EFFICACITE  BES  METHOBES  BE  SURVEILLANCE 


3. A.  Efficacite  technique 


Le  auccea  relatlf  dea  methodea  de  monitoring  eat  couramment  dvalue  A Air  France  par  exemple,  par  le 
nombre  de  deacentea  programmdea , claaade  aelon  le  premier  eigne  d'alerte  qui  lea  a provoqud.  Le  ni- 
veau d'effioacltd  pout  alora  Stre  dSfini  par  le  rapport  nombre  total  de  deacei.tea  effectuSea  par 
I'utlliaation  dee  mdthodea  de  monitoring  (premier  aymptSme),  au  nombre  total  dee  deacentea. 

Toutefola,  dtant  donnd  1* Integration  dea  dlfferentea  rndthodea  de  monitoring  dana  lea  programmea  mo- 
demeo  d'entretien,  et  en  particulier,  le  fait  qu'ellee  permettont  d ' entreprendre  dee  actiona  oorreo- 
tivea  en  dehora  dea  deacentea  rdacteur,  cette  evaluation  eat  trAa  reatrictive  et  ne  peut  pretendre, 

A elle  aeule,  etre  totalement  repreaentatlve. 

La  figure  16  foumit  cependant,  A tltre  indlcatif,  1' evaluation  de  1 'efficacite  relative  dea  dlf- 
ferentea  methodea  de  monitoring  dans  le  cas  du  rdacteur  CF6-50  pour  1 'ensemble  dee  compagnies  du 
groups  ATLAS. 

3.B.  ContrSle  de  1 'efficacite  economique 

. II  convlent  de  rappeler  tout  d'abord  deux  prlncipes  fondamentaux  que  I'on  ne  doit  pas  perdre 
de  vue  dans  la  recherche  de  1 'efficacite  economique  d'un  ensemble  de  methodes  de  monitoring. 

- Le  total  des  cottts  de  mlse  en  oeuvre  de  ces  methodes  ne  doit  pas  Stre  superieur  aux  economies  de 
depenses  correspondantes  sur  les  coQts  d'entretien  A I'heure  de  vol. 

- L' evaluation  doit  Stre  faite  globalement  pour  les  methodes  de  monitoring  pratiqueea  oonjointement. 

. FaranvAtres 
. SOAP 
. Boroaoope 
. Radioisotopes 

car  ces  methodea  sont  compiementalrea  lee  unes  des  autrea.  Le  recoupement  eat  indispensable  dans  le 
cas  des  methodea  Indlrectes.  TrAa  aouvent,  d 'autre  part,  les  reactours  descendus  prSaentont  plus 
d'un  seul  symptSme. 

. L' experience  montre,  d' autre  part  que,  1 'nutlmjaation  d'un  progranmie  integre  comprenant  I'enaem- 
ble  de  ces  methodes,  depend  largement  : 

- du  type  de  reaoteur  aur  lequel  elles  s'appliquent, 

- de  1' organisation  gendrale  du  programme  d'entretien, 

- des  oontraintea  partlcullAros  d'exploitation,  et  de  la  atruoture  du  reseau  des  compagnies  uti- 
lisatricee. 

La  figure  18  donne  1 'allure  gendrale  de  ces  2 paramAtrea  en  fonctlon  du  degrA  de  complexite  du 
syatAme  de  surveillance. 

La  figure  19,  enfln,  montre  lea  reaultata  qui  ont  pu  Stre  estimea  dans  2 cas  de  reacteurs  moder- 
nea  A large  taux  de  dilution. 

Comse  on  peut  le  voir,  la  rAponse  dApend  largement  de  1 'organisation  du  progranme  d'entretien 
adopte. 
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IV  COHCLnSION 


ai  r^Bum^i  on  peut  affirmer  de  ce  qui  prdcMe  qu'il  n'y  a paa  de  Solution  unique  au  probl6oe  g6— 
n6ral  de  surveillance  dee  processus  de  d6^adatlon  de  perfoznancee  rdacteur,  male  une  optimisa- 
tion qul,  dans  chaque  cas,  peut  varler  assez  largement  d'une  application  ^ une  autre. 

Cependafit,  lee  m^thodes  habltuelles  de  surveillance  se  ddveloppent  dans  le  sens  d*une  localisation 
dee  ddfauts  ddcelds  au  niveau  du  module  ou  de  la  pldce.  en  respectant  I'objectlf  dconomlque  essen- 
tial d'un  retour  sur  Investlssement  satlsfalsant. 

E^fln,  ce  ddveloppement  suppose  d6sormals,  essentlellementi  une  coordination  dtrolte  et  prdalable, 
entre  constructeur  et  utlllaateur  des  futurs  rdacteurs. 
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DISCUSSION 


R.Smyth 

1 would  like  to  point  out  that  Figure  19  showing  investment  returns  against  complexity  is  a basic  law  for  the  applica- 
tion of  technology  to  increase  the  effectiveness  of  modern  systems,  e.g.  a turbofan  engine.  The  basic  curve  has  a 
shape  like  the  lower  one  for  the  CF6-50  and  generally  is  a function  of  the  year  of  application.  This  is  connected 
with  the  standard  of  technology  available  at  that  time  to  introduce  a certain  factor  of  complexity.  There  are  three 
aspects  of  this  basic  law  for  economic  returns  against  complexity: 

( 1 ) Too  low  a factor  of  complexity  will  not  be  giving  a high  return  of  investment  because  optimum  use  of  the 
technology  available  at  that  time  is  not  being  used. 

(2)  Too  high  a factor  of  complexity  will  prove  to  be  unreliable  and  costly  because  the  technology  required  is  not 
yet  developed  enough  at  the  time  of  application. 

(3)  There  is  an  optimum  for  the  economic  returns  at  a certain  factor  of  complexity  for  a certain  year  in  which  a 
definite  standard  of  technology  is  available.  In  Figure  19  this  is  the  peak  of  the  curve  at  about  25%  complexity 
factor.  In  the  curve  of  technological  progress  this  peak  will  be  higher  and  to  a larger  factor  of  complexity. 

Reponse  d'auteur 

Je  suis  tout  a fait  d ’accord  avec  vous,  pour  completer  mon  commentaire,  je  dirais  que  notre  experience  a ATLAS 
montre  que  la  courbe  relative  au  JT9D  est  probablement  largement  differente  de  celle  relative  au  CF6-50.  Vous 
save?,  sans  doute  que  le  JT9D  est  un  moteur  sur  Icquel  les  methodes  d’analyses  spectrographiques  classiques  sont 
impuissantes  a deceler  les  defauts  des  parties  huilees.  Done  le  “R.O.D.  SOAP”  est  nul.  L’efficacite  des  methodes 
de  suivi  des  parametres  sur  le  JT9D  est  maintenant  largement  demontree  et  se  situe  probablement  quelque  part  vers 
20  pour  cent  en  valeur  "R.O.D.”.  Par  contre,  notamment  parce  que  le  JT9D  est  un  moteur  deja  plus  ancien  que  le 
CF6-50,  il  apparait  comme  essentiel  d’avoir  des  renseignements  tres  eomplets  sur  les  rendements  modulaires  pour 
optimiser  le  temps  de  retour  en  atelier,  et  il  est  vraisemblable  que  le  point  appelc  en  resume  “AIDS”  permettrait 
seui  apparament  d’atteindre  cet  objectif  et  la  courbe  remonterait  alors  probablement  assez  haul. 


J. A. Rowlands 

( I ) Do  you  see  a difference  in  the  value  of  various  monitoring  methods  according  to  the  average  flight  time'.’  For 
instance,  are  complex  methods  of  monitoring  intrinsically  more  cost  effective  on  short  range  high  duty  cycle 
operations  when  compared  with  one  on  long  range-ion  dwell/const,  operational  condition  operations. 

NOTF:  Question  is  prompted  by  our  need  in  the  Military  to  evaluate  cost  effectiveness  of  engine  health  monitoring 
and  flight  data  recording  on  short  duration  high  intensity  missions. 

Reponse  d'auteur 

Votre  question  est  tout  a fait  pertinente.  File  nous  a conduit  au  sein  du  Croupe  ATLAS  a faire  une  etude  exhaustive 
sur  I’optiniisation  des  methodes  de  surveillance,  en  function  justement  de  la  duree  du  cycle.  On  s’aperi;oit  que  les 
phenomenes  mettant  en  jeux  les  phenomenes  cycliques  ont  une  influence  relative  directement  function  de  la 
longueur  du  cycle;  je  pense  a la  resistance  au  fluage  et  a tout  ce  qui  touche  d’une  maniere  generale  les  parties 
chaudes.  Par  contre,  en  ce  qui  concerne  le  rendement  des  parties  froides  (compresseurs)  il  semble  qu’il  soit 
d’avantage  function  du  temps  total,  et  done,  independant  de  la  longueur  du  cycle. 


TESTING  SIMULATION  OF  DAMAGES 
OCCURRED  IN  SERVICE 
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by 

D.  Dini,  University  of  Pisa,  Italy 
L.  Giorgieri,  Ministero  Difesa  Aeronautica,  Italy 


SUMMARY 

This  paper  provides  the  basic  framework  from  which  further  simulation  of  increased  complexity  and  sophis- 
tication can  be  easily  implemented  on  the  field  of  engine  failures  by  in  flight  foreign  object,  large  o- 
verpressure  signature  inlet  flow  distortion,  and  icing  environment. 

The  intention  of  this  effort  is  to  provide  a general  basic  engine  reliability  program,  capable  of  simulat 
ing  a running  turbojet-engine  and  its  airsupplying  environment  as  an  integrated  system,  with  the  specific 
subroutines  for  the  possible  damages  from  foreign  object  and  unsteady  flow  distortion,  to  be  supplied  by 
the  user  as  required. 

Recent  advances  on  testing  simulation  of  power  plant  damages  occurred  in  service  carried  out  at  the  Uni- 
versity of  Pisa  promise  to  reduce  accident  causes,  conditions  and  casualties,  due  to  engine  operation  at 
low  altitudes  and  in  rugged  confined  terrain.  This  paper  discusses  state-of-the  art  design  techniques  to 
improve  engine  reliability  and  includes  analysis  of  three  particular  experimental  simulations  to  determine 
causes  and  effects  and  to  make  recommendations  that  will  eliminate  or  reduce  the  causes  of  aviation  acci- 
dents. 


INTRODUCTION 

The  important  features  in  this  simulation  are:  acceptance  of  an  engine  normal  rating  operation,  develop- 
ment of  facilities  for  air  breathing  propulsion  testing  in  all  speed  regimes,  a detailed  simulation  of 
each  abnormal  dangerous  inflow  condition. 

Engine  reliability  is  challenged  by  the  practical  necessity  of  compromising  inherent  factors  of  design, 
environment,  and  operation.  As  aviation's  role  in  public  transportation  has  become  firmly  established, 
more  and  more  attention  has  been  devoted  to  ensuring  the  reliability,  and  therefore  the  safety,  of  flight 
in  whatsoever  environmental  condition. 

Operating  experience  over  the  years  has  indicated  the  need  to  consider  in  the  mechanical  design  phase  of 
an  aircraft  engine  the  possibility  of  ingestion  solid  objects  including  birds.  These  considerations  are 
frequently  based  on  fracture  mechanics  including  estimates  of  impact  energy  absorption,  and  will  usually 
include  a subsequent  experimental  proofing  phase.  Other  than  to  note  that  aerodynamic  or  other  forms  of 
damping  are  not  significant  in  limiting  the  first  peak  excursion  strains  imposed  by  this  type  of  loading, 
there  will  be  no  further  consideration  here  of  this  problem;  structurally  safe  foreign  object  ingestion 
is  routinely  provided  by  engine  designers. 

Nevertheless,  it  has  to  be  recommended  to  inspect  the  visible  parts  of  the  engine  inlet  area  for  damage, 
to  assure  that  the  compressor  turns  freely  before  attempting  a start,  and  to  make  a few  quick  routine 
checks  for  obvious  failure.  It  is  essential  to  inspect  compressor  stator  inlet  guide  vanes,  expecially 
the  stages  of  variable  vanes,  and  compressor  rotor  blades  axially  dovetailed  into  each  rim  and  held  in 
place  by  a retaining  ring.  If  impact  damages  from  foreign  objects  over  compressor  vanes  and  blades  are 
realized,  it  is  mandatory  to  reduce  until  acceptable  size  or  to  substitute  each  damaged  vane  and  blade. 
Reconmended  minimal  sizes  are  claimed  by  designers  for  check  comparisons. 

The  foreign  object  debris  spectrum,  a typical  engine  can  be  expected  to  experience  in  its  exposure  to  an 
uncontrolled  operational  environment,  is  quite  broad.  Experience  with  contemporary  metals,  such  as  stain 
less  steel-and  titanium,  suggests  that  the  degree  of  damage  severity  inflicted  by  these  objects  on  the 
airfoil  can  vary  considerably  from  a condition  of  localized  deformation  to  complete  material  separation. 
The  localized  damage  produced  by  small  body  impacts  generally  results  in  a reduction  in  fatigue  strength 
while  complete  material  or  airfoil  separation  produced  by  larger  body  on  blading  result  in  either  rotor 
unbalance  requiring  a reduction  in  engine  speed  or  complete  shutdown.  Blade  impact  damage  caused  by  small 
debris,  such  as  aluminum  or  steel  rivets,  nuts  or  bolts,  or  stones  and  stack  deposit  from  aircraft  carri- 
ers, occurs  most  frequently  while  the  aircraft  is  on  the  runway.  Damage  by  hail  and  birds  occurs  mainly 
in  flight.  Primary  impact  damage  due  to  foreign  object  particles  occurs  most  frequently  on  the  leading 
edge  region  or  typical  blading  at  location  above  the  pitchline.  During  flight,  the  particle  strike  angle 
at  the  leading  edge  is  strongly  influenced  by  aircraft  speed.  Conditions  governing  angularity  differences 
between  the  blading  leading  edge  and  foreign  object  particle  may  be  analyzed,  for  instance  the  variation 
of  particle  impact  incidence  angle  as  function  of  relative  aircraft  speed  on  hub,  pitch  and  tip  sections, 
for  a spectrum  of  engine  blading. 
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A research  like  that  has  been  carried  out  in  our  laboratory  in  Pisa  on  a T58  axial'-flow  turboshaft  i*ngine 
in  a rig  test  facility,  in  which  a perspective  of  the  debris  characteristics  was  obtained  until  reliable 
tolerance  to  sustain  damage  from  F.O.D.  into  the  compressor  blading.  Nearly  2000  horsepower  was  required 
to  sustain  compressor  operation.  Experiments  were  conducted  in  more  phases,  without  replacement  of  dam- 
aged compressor  blading,  as  long  as  localized  deformations  and  material  separations  had  enough  mutual 
torque  to  stop  the  first  stage  rotor  blades  against  the  corresponding  stator  variable  vanes.  This  test 
simulated  efficiently  an  engine  shutdown  occurring  for  a small  body  (a  rivet)  ingestion. 

Significant  transient  loading  of  compressor  or  fan  structures  are  usually  associated  with  a gross  change 
in  the  throughflow  that  is  truly  aperiodic  or  of  very  low  frequency.  Examples  may  be  related  to  compres- 
sor stall,  surge,  hammershock,  bistable  inlet  operation,  and  air  blast  wave  overpressure  signature.  The 
sudden  changes  in  throughflow  in  treated  experimentally,  as  in  Ref.  1 regarding  blast  wave  signatures. 

The  problem  is  closely  related  to  the  aeroelastic  behaviour  of  a single  airfoil  passing  through  a sharp- 
edge  gust  front  in  the  atmosphere,  such  as  might  be  produced  by  a remotely  originated  blast  wave.  Howev 
er,  the  extent  to  which  the  elastic  flexibility  of  a turbomachine  structure  contributes  to,  or  interacts 
with,  the  distortion  of  the  throughflow  is  at  present  a moot  point.  Simulation  facilities.  Ref.  1,  are 
mandatory  in  treating  the  aeromechanical  response  of  engine  structure  to  transient  loads. 

Engine  flameouts  have  been  experienced  while  flying  in  high  icing  conditions.  Testing  simulation  of  ice 
ingestion  in  flight  may  determine  the  causes  of  engine  flameouts  and  qualitatively  assess  the  improvement 
to  the  intake  duct  anti-icing  capability  resulting  from  suitable  devices. 

As  for  the  previously  discussed  F.O.D.  and  blast  wave  engine  damage  in  service,  testing  simulation  may  be 
efficient  means  to  investigate  engine  ice  ingestion  in  flow. 

In  this  paper  results  of  experiments  and  proposals  are  presented. 


TESTING  SIMULATION  OF  FOREIGN  OBJECT  DAMAGE 

Full  scale  static  testing  of  actual  inlet  and  engine  installation  has  been  conducted.  The  T58-GE-3  turbo 
shaft  for  helicopters.  Figure  1,  producing  1250  shaft  horsepower  was  chosen.  The  gas  generator  consisted 
of  a 10-stage  compressor,  annular  combustion  and  2-stage  turbine;  the  inlet  stator  vanes,  Figures  2,  3,  4, 
5 and  6,  in  stages  1,  2 and  3 were  variable.  The  power  turbine  section  consisted  of  a single  stage  tur- 
bine and  exhaust  section. 

The  relationship  of  aircraft  velocity  to  F.O.D.  velocity  was  derived  on  a relative  basis  from  analysis  of 
velocity  vector  for  a spectrum  of  contemporary  engine  designs.  Engine  speed  had  minor  influence  on  rela- 
tive F.O.D.  velocity.  Increasing  the  aircraft  velocity,  the  relative  impact  speed  augmented  only  slight- 
ly between  blade  and  foreign  object  particles,  while  with  increasing  relative  air  speed,  hailstone  impact 
velocity  is  affected  considerably. 

In  the  engine  under  testing,  a variable  stator  system  solves  the  stall  problem  at  intermediate  and  low 
speeds  and  permits  the  use  of  a single-spool  high-ratio  compressor.  The  variable  vanes  are  nearer  the 
closed  position  during  engine  starting;  they  open  as  engine  speed  increases.  Varying  the  stator  vane  an- 
gle changes  the  direction  and  magnitude  of  the  air  velocity  vectors,  leaving  the  stator  vanes  so  that  the 

proper  angle  of  attack  is  preserved  with  respect  to  the  rotor  blades. 

Impact  location  and  damage  of  blading  was  sufficiently  consistent  for  most  cases  to  determine  fatigue 

strength  of  blades  damaged  by  a prescribed  mode  of  foreign  object  damage.  Examination  of  the  blades 

strain  distribution  revealed  that  the  airfoil  pitchline  location  experienced  60%  of  the  maximum  blade 
stress  and  therefore  possessed  the  advantage  of  being  located  in  an  area  of  sufficiently  high  dynamic 
stress  to  induce  failure  in  the  impacted  area.  Experimentation  was  carried  out  to  establish  the  fatigue 
strength  relationship  of  undamaged  blades  to  that  of  the  previously  impact  damaged  blades,  ele«:tronically 
measuring  by  an  electromagnetic  counter  the  nun4>er  of  cycles  to  failure  on  a magnetic  shake  table.  A 
baseline  of  undamaged  fatigue  strength  was  established  initially  for  comparison  to  the  damaged  blades. 

Blade  impact  from  small  bodies,  as  sand  and  metal  shaving  with  size  under  1/10",  caused  limited  damages  on 
the  compressor  blading.  The  residual  dye  penetrant  inspection  fluid  revealed  crack  formation  on  the  trail 
ing  edges;  but,  in  general,  only  diffused  abrasion  on  blade  surface  was  detected. 

From  the  results  of  these  tests,  it  was  concluded  that  the  shear-type  impact  could  be  reproduced  reliably 
using  aluminum  balls  as  projectiles,  passing  through  the  air  inlet  rhomboidal  wired  grid  in  front  of  the 
engine. 

Systematic  tests  were  carried  out  on  the  T58  turbojet  engine.  After  fatigue  strenght  evaluation  as  conse 
quence  of  airflow  mixed  with  fine  sand  particles,  the  blade  leading  edges  were  submitted  to  heavier  inges 
tion  from  which  resulted  indented  and  deflected  by  metal  shaving  suspended  in  the  airflow  entering  the 
wired  grid. 

Foreign  object  ingestion  testing  was  continued  as  long  as  the  forward  deflection  of  the  tip  leading  edge 
of  some  first  rotor  blades  was  increased  almost  to  touch  the  first  stator  vanes. 

The  twisted  and  distorted  first  rotor  blades  were  not  substituted,  so  that,  as  consequence  of  a larger 
aluminum  body  ingestion  passed  through  the  wired  grid,  blades  and  vanes  of  the  first  stage  impacted  one 
another  so  strongly  to  stop  entirely  the  engine.  As  it  will  be  seen  later  in  the  pictures,  the  small  ob- 
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ject  was  restrained  in  between  tip  vanes  and  blades,  in  such  way  to  determine  the  forward  twisting  of  a 
rotor  blade  which  impacted  the  stator  vanes  after  the  rotor  blade  fixing  ring  Table  VI  failure. 

This  fact  is  showing  that  small  size  foreign  objects  entering  the  standard  airflow  filtering  wired  grid 
may  cause  engine  stopping,  if  blade  inspection  is  not  accurately  carried  out  before  each  flight,  elimi- 
nating strains  and  distortions  by  blade  size  reduction  until  minimal  acceptable  standard  or  substituting 
the  damaged  blades. 

The  compressor  rotor  is  shown  in  Figure  7. 

Tables  from  I to  XIII  show  the  simulation  effect  produced  by  F.O.D.,  in  such  degree  to  stop  at  all  the 
engine  in  flight.  Only  a few  pictures  of  the  complete  macro  and  micro  documentation  are  presented. 

Table  I is  regarding  the  first  rotor  blading  strains  in  the  above  mentioned  stopping  condition.  For  com 
parison,  Table  II  presents  the  quite  good  condition  of  the  second  rotor  blading,  which  revealed  only 
abrasions . 


The  engine  stopping  by  F.O.D.  simulation  may  be  analyzed  through  the  following  Tables: 


- Table 

III 

- Table 

IV 

- Table 

V 

- Table 

VI 

- Table 

VII 

- Table 

VIII 

- Table 

IX 

- Table 

X 

- Table 

XI 

- Table 

XII 

- Table  XIII 


first  stage  vanes  and  blades; 

first  rotor  blades; 

first  stage  variable  vanes; 

first  rotor  blade  and  fixing  ring  (new  and  undamaged); 
examples  of  first  stage  damaged  blades  and  vanes; 

mutual  position  of  new  and  damaged  vanes  and  blades  of  the  first  stage,  with  blade  fixing 
ring  released; 

microphotographs  of  blade  number  10,  showing  strains  determined  in  three  successive  F.O.D. 
phases; 

macro  and  microphotographs  of  blade  number  1,  from  which  it  was  possible  to  rebuild  the 
story  of  the  previous  and  last  strains; 

old  and  new  strains  in  blade  number  2; 

blade  number  24  (4  pictures);  with  yielding  trace;  blade  number  25  (2  pictures);  blade 
number  26,  reduced  in  size  before  the  last  running  test; 

typical  simulated  impact  damages. 


The  present  F.0.0.  simulation,  limited  to  compact  turbojet  engines  with  small  blading  clearances,  is  con"' 
firming  the  necessity  of  frequent  conq^ressor  blade  inspection,  elimination  of  distorted  parts  and  substi- 
tution of  more  damaged  blades. 


A small  foreign  object,  less  in  size  than  the  filtering  grid  holes,  may  severely  damage  already  distorted 
blades,  even  until  stator  and  rotor  impact  and  engine  stopping. 

According  the  described  test,  only  the  compressor  resulted  damaged.  The  first  stage  determined  rapidly 
the  engine  stopping.  The  last  high  compression  stages  had  all  blades  and  vanes  distorted  by  minute  metal 
particles.  No  impact  traces  were  observed  inside  the  compressor  casing,  as  well  as  in  all  parts  of  the 
compressor  and  power  turbines. 

The  microscopic  investigation  permitted  to  detect,  on  the  distorted  blades,  more  phases  of  deformations 
occurred  in  different  running  tests,  as  result  of  fatigue  phenomena. 

The  simulation  rig  for  F.O.D.  investigation  has  required  shielding  and  protection  against  possible  compre£ 
sor  casing  explosion. 


TESTING  SIMULATION  OF  STRUCTURE  DAMAGE  FROM  TRANSIENT  LOADS 

Engine  acceleration  and  deceleration  can  be  considered  to  be  quasi-steady  because  their  time  is  typically 
from  1 to  10  seconds,  wehereas  the  transport  time  of  particles  through  the  machine  is  a few  milliseconds. 
Transport  phenomena  relating  to  flutter,  resonance,  inflow  distortion,  aerodynamic  stability,  surge  and 
rotating  stall, are  basically  unsteady  requiring  unsteady  analysis. 

So,  aeromechanical  response  and  possible  damage  in  turbomachinery  may  be  analyzed  by  recognizing  experi- 
mentally the  unsteady  nature  of  the  inflow  as  consequence  of  overpressure  signatures  produced  by  a N-wave 
simulator. 

The  entire  phenomenon  of  the  aerodynamic  moment  resulting  from  aperiodic  forcing,  and  the  resulting  tor- 
sional and  bending  blade  or  vane  response,  because  of  short  duration  strong  flow  distortions,  may  be  simu 
lated  with  an  open  end  shock  tube,  Ref.  I.  The  explosive  charge  at  the  closed  end  causes  a shock  front 
to  reach  the  open  end,  simulating  the  effects  of  very  larger  detonating  spherical  charge.  In  a series  of 
tests  with  the  CAMEN  shock  tube.  Figure  8 and  Ref.  1,  a turbojet  engine  was  operating  outside,  close  the 
open  end  of  the  tube,  for  simulation  of  the  effect  of  sonic  bang  or  similar  inflow  transient  distortion. 
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This  simulation  facility  is  capable  of  varying  pressure-time  diagrams  in  a predictable  and  simple  manner, 
providing  appropriate  frequency  and  velocity  of  the  travelling  wave.  Comparing  the  N-waveforro  of  a typ- 
ical sonic  bang  with  the  waveform  of  the  bang  from  the  explosion  of  a point  source  charge,  one  sees  that 
there  is  clearly  more  "energy"  in  a sonic  bang  than  in  an  explosive  bang  of  the  same  pressur  rise  across 
the  shock,  owing  to  its  longer  duration,  and  hence  to  its  greater  impulse.  Even  though  the  waveform  of 
the  bang  simulated  by  two  point  charges  delayed  relative  to  the  other  by  an  interval  of  time  may  be  a good 
simulation  of  sonic  bang  or  similar  transient  load,  it  is  preferred  an  explosive  line  charge  formed,  by 
superposition,  with  a number  of  strands  whose  ends  are  successively  offset  relative  to  the  others.  In 
this  way  it  will  be  possible  to  construct  a charge  whose  waveform  approximates  that  of  the  desired  N-wave 
or  other  overpressure  signature. 

Simulation  of  upstream  transient  turbulence  or  load  entering  an  engine  inlet,  quite  strong,  for  instance, 
at  high  flight  Mach  number  and  at  small  distance  of  the  acoustic  spreading  supersonic  plane,  can  be  ap- 
proached in  several  ways. 

Compressor  response  to  overpressure  loading,  generated  by  a linear  explosive  charge  formed  by  superposed 
strands,  was  observed  with  the  CAMEN  shock  tube  facility.  Mass  flow  change,  angular  velocity  decrease, 
and  axial  thrust  against  the  compressor,  resulted  acceptable  for  average  overpressure  of  70  psf,  whereas 
flow  and  compressor  blading  were  seriously  influenced  by  higher  average  overpressure. 

It  has  been  observed  that  the  sudden  change  in  the  throughflow  is  associated  with  significant  transient 
aeroelastic  loading  of  compressor  or  fan  structure.  The  most  significant  aeromechanical  response  was  the 
periodic  forcing  experienced  by  rotor  blades.  Periodic  aerodynamic  and  inertia  blade  loading  had  serious 
consequences  with  respect  to  the  discs  and  shafts  to  which  these  blades  were  attached.  Flutter  with 
either  random  or  uniform  phasing  between  adjacent  blades  exerted  oscillatory  root  reactions.  Operating 
in  highly  unsteady  throughflow,  massive  rotating  assemblies  with  gyroscopic  forces,  friction,  trapped  fijj 
id,  compliant  bearings,  etc.,  showed  a rich  variety  of  vibration  phenomena. 

However,  transient  aperiodic  disturbances  under  70  psf  of  overpressure  were  non  important,  since  the  vi- 
bration soon  damped  out  due  to  aerodynamic  and  other  forms  of  damping.  Operating  in  a cyclic  surging  or 
stalling  condition,  the  fatigue  number  of  cycles  anmassed  in  a short  period  of  time  brought  to  a rotation 
ally  symmetric  excitation  imposing  axial  loads  on  rotors  and  shafts.  These  structures,  very  stiff  in  the 
axial  direction,  with  exceedingly  high  natural  frequencies  in  their  longitudinal  modes,  usually  showed 
quite  safe  response. 

Testing  simulation  of  turbojet  engine  structure  damage  from  transient  loads,  to  improve  reliability  in 
service,  may  be  performed  inwind  tunnels  or  large  open  end  gun  shock  tube. 


TESTING  SIMULATION  OF  ICING  ENVIRONMENT  IN  HELICOPTER  FLIGHT 

One  recent  study.  Ref.  2,  showed  that  39.2  percent  of  all  U.S.  Army  helicopter  accidents  occur  during 
autorotation,  as  consequence  of  engine  shutdown.  For  that,  future  helicopters  will  be  equipped  with  crash 
worthy  fuel  systems  complete  with  self-sealing,  breakway  valves  and  fittings,  and  fuel  cells  withstanding 
a drop  test  from  a height  of  65  feet  onto  a non-deforming  surface  without  a leak.  From  the  other  hand, 
test  programs  are  in  progress  to  determine  under  which  situations  the  crews  could  safely  bailout  a heli- 
copter in  various  autorotation  attitudes. 

One  of  the  most  recurrent  power  plant  failure  is  engine  flameout  while  flying  in  light  icing  conditions, 
very  important  to  be  reduced  in  as  much  as  accident  rates  (number  of  accidents  per  100,000  flying  hours) 
for  helicopters  is  higher  than  for  fixed-wing  aircraft. 

A number  of  icing  projects  have  been  performed  in  the  past  years  to  carry  out  an  investigation  on  engine 
flameouts  in  light  icing  conditions,  using  static  icing  rig  to  improve  engine  intake  duct. 

Special  instrumentation  was  installed  in  the  aircraft,  by  Aerospace  Engineering  Test  Establishment  in  Can 
ada,  to  record  with  a visicorder  and  a camera  the  following  engine  parameters:  inlet  guide  vane  position, 
inlet  temperature,  maximum  pressure,  torque,  propeller  rpm,  turbine  temperature,  turbine  rpm  percent,  and 
fuel  flow.  The  objectives  of  this  program  were  to  attempt  to  determine  the  cause  of  engine  flameouts  in 
light  icing  conditions,  and  to  assess  qualitatively  the  improvement  to  the  intake  duct  anti-icing  capabi_l 
ity.  Icing  conditions  were  varied  from  test  run  to  test  run,  but  experience  indicated  that,  for  the  amb^ 
ent  conditions  available,  a liquid  water  content  of  0.20  gm/m^  to  0.35  gm/m^  and  a mean  droplet  diameter 
of  20iim  yelded  the  best  results.  The  icing  cloud  was  wide  enough  to  completely  cover  the  engine  at  stand 
point.  Several  test  runs  were  attempted  with  all  anti-icing  and  de-icing  systems  and  ambient  air  temper£ 
tures  from  - 2.2*C  to  -11.6®C.  Some  test  runs  resulted  in  compressor  stalls,  or  engine  flameouts,  or  re- 
actions to  the  throttle  inputs. 

The  essential  need  of  a european  icing  test  facility  for  helicopter  in-flight  has  been  discussed.  A spe£ 
ification  of  the  proposed  facility  was  defined;  but  the  work  aimed  at  designing  such  a tunnel  was  split 
up  between  different  options,  and  until  now  no  preferred  option  was  selected.  Previous  reconinendations 
to  carry  out  engineering  studies  have  been  taken  up  and  led  to  worthwhile  activities  and  valuable  results. 

The  requirement  and  specification  for  helicopter  in-flight  test  facility  are,  respectively,  determined  and 
developed.  All  first  line  helicopters  should  have  to  be  tested,  and  anti-deice  equipment  for  helicopters 
should  be  annually  requested.  Main  objectives  are  those  to  determine  the  capability  of  helicopters  to 
safely  operate  in  an  icing  environment,  what  anti-deicing  equipment  is  needed  on  helicopters  to  fly  into 
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knovm  icing  conditions,  and  flight  envelope  restrictions. 

The  proposal  is  to  build  a test  rig  in  which  an  artificial  cloud,  formed  from  a large  number  of  nozzle 
mounted  on  a rectangular  grid,  is  blow  over  a hovering  helicopter  by  a bank  or  banks  of  fans.  At  the 
test  point,  100  feet  from  the  grid,  the  cloud  will  be  ideally  some  100  feet  wide  by  15  feet  deep  with  its 

centre  line  80  feet  above  the  ground.  The  air  stream  will  be  sufficiently  large  to  maintain  a reasonable 

consistent  flow  throughout  the  whole  area  of  the  cloud.  In  particular  the  lower  edge  of  the  cloud  must 
be  clear  cut  and  should  be  maintained  almost  horizontal  for  at  least  65  feet  from  the  grid.  A mean  air 

speed  of  10  knots  is  to  be  achieved  at  a distance  of  100  feet  from  the  fans,  with  a local  variation  of 

velocity  non  in  excess  of  + 1.5  knots  within  a circle  of  diameter  65  feet,  with  its  centre  100  feet  from 
the  fan  (or  at  distance  of  65  feet,  with  excess  velocity  of  ♦ 0.5  knots  within  the  same  circle).  The 
overall  velocity  variation  within  the  above  circle  is  not  to  exceed,  respectively  for  distance  100  and  65 
feet  from  the  fans,  ^ 3 and  ^ 2 knots  longitudinally,  and  + 1.5  and  ^ 0.75  knots  laterally. 

The  rotation  imparted  to  the  air  by  fans  will  have  to  be  overcome,  possibly  by  controrotating  fan  units 
or  by  flow  straightners  in  ducts  or  by  a combination  of  the  two.  Multiple  jet  (supplied  by  indipendent 
blowers)  confined  mixing  entails  the  transfer  of  kinetic  energy  from  an  array  of  primary  stream  to  a 
secondary  stream  enveloping  them. 

The  intent  of  this  proposal  is  to  stimulate  advances  in  the  area  of  helicopter  testing  techniques  for 
better  reliability  in  service. 


CONCLUSIONS 

F.O.D.  simulation,  as  carried  out  on  a used  engine,  has  shown  that  it  is  mandatory  to  substitute  damaged 
compressor  blading,  or  at  least  to  eliminate  each  small  strain,  in  order  to  avoid  possible  engine  stop£ 
ing  as  result  of  further  F.O.D.  entering  the  standard  wired  grid. 

In  the  present  case,  already  strained  (as  consequence  of  previous  limited  F.O.D.)  first  stage  blades  and 
vanes  impacted  one  another  because  of  a 1/10"  diameter  alluminum  rivet  entered  the  standard  wired  grid. 
This  rivet,  entering  at  the  tip  of  the  compressor  first  stage  in  between  variable  vanes  and  blades,  was 
able  to  twist  and  deflect  a blade  as  long  as  the  blade  sealing  ring  became  open.  The  blade  itself  moved 
forward  and  impacted  the  variable  vanes.  Only  compressor  blading  resulted  damaged. 

The  accurate  investigation  of  damaged  blades  and  vanes  has  permitted  to  detect  all  the  deformations  pro- 
duced by  the  previously  entered  foreign  objects.  In  particular,  the  tip  blade  twisted  sheets  resulted 
as  consequence  of  successive  superposition  of  F.O.D.  running  tests. 

Gun  shock  tube  may  be  efficiently  used  as  simulation  device  for  strong  and  short  duration  airflow  unsteady 
ness  in  actual  size  turbomachinery. 
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Fig.  3 - Variable  inlet  guide  vane 
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Macro  and  microphotographs  of  blade  number  1,  from  which  it  was  possible  to  rebuild  the 
story  of  the  previous  and  last  strains 
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RESUME 

De  nombreuses  raisons  poussent  les  const ructeurs  de  moteurs  d'avion  a entreprendre  des  es- 
sais  de  longue  endurance  qui  se  distinguent  notablement  des  essais  habituels  de  devel oppement 
et  de  certification. 

La  SNECMA  a adapte  la  formule  de  I'essai  cydique  accelere  a I'Ensemble  d'Ejection  qu*elle 
a conqu  et  mis  au  point  pour  le  moteur  Olympus  593  MK  6lO-l4-28  de  Concorde.  Le  lecteur  trouvera 
une  description  du  cycle  d»essai  compare  au  cycle  de  vol,  de  1 ' i ns tal lat i on  au  Centre  d'Essai 
des  Propulseurs  a Saclay,  France,  et  des  precautions  qui  ont  ete  prises  pour  assurer  une  repro- 
duction aussi  fidele  que  possible  des  conditions  de  fonct  ionnement  en  utilisation. 

Au  moment  de  la  mise  en  service  commercial  de  Concorde,  les  cycles  accumules  represents  lent 
plusieurs  annees  d ' une  exploitation  qui  devrait  etre  sans  surprises  sur  le  plan  de  l*endurance. 

OBJECTIFS  D*UN  ESSAI  DE  LONGUE  ENDURANCE 

Les  specifications  techniques  d*un  type  de  moteur  indiquent  pour  chaque  element  ou  sous- 
ensemble  I'objectif  de  duree  de  vie  totale  a considerer  au  niveau  de  la  conception  et  qui  corres- 
pond a une  bonne  quinzaine  d'annees  d*uti lisation  du  moteur,  soit  de  l*ordre  de  40  000  heures 
pour  un  moteur  d*avion  de  transport  civil  ou  de  5 000  heures  pour  un  moteur  d'avion  de  combat. 

Notre  propos  n'est  pas  de  discuter  la  demonstration  a priori  de  ces  durees  de  vie  qui  implique 
essent iel lement  des  calculs  et  des  essais  partiels. 

Ce  qui  nous  interesse  ici  est  la  demonstration,  par  essai  de  moteur  complet  et  avant  la  mise 
en  service,  d ' une  endurance  couvrant  les  premieres  annees  d ' uti lisat ion , notamment  en  vue  de  : 

- renforcer  la  confiance  des  futurs  ut i 1 isateurs , 

- vGi  ifier  la  tenue  du  materiel  en  regard  des  garant  ies  offertes, 

- evaluer  la  degradation  des  performances  avec  1 * age , 


- apprecier  1 'endurance  en  fatigue  des  elements  qui  ne  peuvent  etre  valablement  sollicites  en 
essais  partiels  (par  exemple  s'ils  sent  soumis  a des  gradients  de  temperature  ou  des  spectres 
d'excitation  acoustique  complexes) , 

- mettre  en  evidence  les  usures  ou  deteriorations  que  I'exploitant  sera  susceptible  de  rencon- 
trer , 

. age  d'apparition  (planning  de  d i spon ibi 1 i t e des  pidees  de  rechange,  ajustement  du 
programme  de  maintenance  recommande,  etc...) 

. mode  d'apparition  et  d'evolution  (methodes  de  recherche  des  defauts  et  criteres 
d ' accept at  ion  figurant  dans  le  manuel  de  maintenance) 

- val ider  les  modifications  ou  les  solutions  de  reparation  preconisees, 

- s'exercer  a 1 ' appl  icat ion  des  procedures  d'entretien,  d'inspection  et  d* intervention 
d i verses , 

- justifier  la  duree  autorisee  jusqu'a  la  premiere  revision  ou  visite  equivalente. 

Cette  enumeration  des  objectifs  assignee  a un  essai  de  longue  endurance  ne  serait  pas  com- 
plete si  I'on  n'y  ajoutait  celui  de  maintenir,  apres  la  mise  en  service,  le  vie i 1 1 issement 
realise  chez  le  constructeur  en  avance  sur  le  vi e i 1 1 i ssement  reel  en  exploitation. 

ESSAIS  DE  PEVELOPPEMENT  ET  DE  CERTIFICATION 

Les  essais  habituels  de  developpement  d * un  nouveau  type  de  moteur  civil  ne  repondent  pas  de 
faqon  sat isfaisante  aux  objectifs  qui  viennent  d'etre  indiques  car, 

- le  volume  total  des  heures  d'essai  allouees  a I'ensemble  du  programme  est  en  general 
re  1 at i vement  f ai ble , 

- une  grande  partie  en  est  consacree  a I'evaluation  des  performances,  des  systemes  et  du 
comportement  mecanique,  a la  mise  au  point  et  a 1 ' opt imisat ion  de  la  definition  de  type 
et  non  a des  essais  d'endurance  proprement  dits, 

- la  definition  de  type  evolue  notablement  au  cours  du  programme,  de  telle  sorte  que  si  les 
quelques  premiers  moteurs  prototypes  peuvent  totaliser  un  millier  d'heures,  il  est  diffi- 
cile d'utiliser  cette  e'^perience  pour  justifier  I'endurance  du  standard  de  serie, 

De  leur  c^te,  les  essais  de  certification  visent  essent iel lement  la  demonstration  de  la 
securite  dans  des  conditions  extremes.  Le  point  culminant  du  programme  de  certification  est 
I'essai  d'endurance  de  i50  heures.  Cet  essai,  tres  traditionnel , a ses  merites  mais  n'apporte 
pas  la  solution  car  i)  est  a la  fois  trop  court,  trop  severe  et  pas  assez  rep* fsentatif  pour 
que  ses  resultats  puissent  etre  valablement  extrapoles. 
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Le  cas  des  motcurs  militaires  est  quelque  peu  different  (nous  pensona  a ceux  qui  equipent 
des  avions  de  combat).  D'une  part,  pour  aboutir  a une  duroe  de  vie  et  une  utiiisation  journa- 
liere  egales  environ  au  dixieme  de  cel  lea  dea  moteurs  civile,  le  programme  de  deve 1 oppement  de 
ces  moteurs  est  a peu  pres  le  m^me  en  volume.  D*autre  part,  l»easai  officiel  d*endurance  eat 
egalement  de  150  h,  et  sea  rcaultats  aont  d'autant  plua  aiscment  extrapolablea  que  son  decoupage 
est  taille  a la  mesure  des  missions  envisagees. 


CARACTERISTIQIIES  GENERALES  DES  ESSAIS  DE  LONGUE  ENDURANCE 

Done,  le  constructcur  d » un  moteur  civil  doit  definir  un  type  d'essai  de  longue  endurance, 
l*integrer  dans  le  programme  de  dove loppement  sans  gonfler  ce  dernier  exageroment  , et  lui  affecter 
du  materiel  aussi  proche  que  possible  de  la  version  de  aerie. 

L’objectif  est  de  couvrir  initialement  de  2 000  a 5 000  heures  de  service,  ainsi  que  le  nombre 
de  vols  correspondants ..  II  s*agira  par  consequent  d * un  essai  cyclique  accelere  qui  negligera 
part iel lement  ou  completement  les  phases  de  vol  qui  ne  consomment  guere  de  potentiel  horaire  et 
n’ imposent  pas  de  variations  de  poussee  qui  af fecteraient  le  potentiel  cyclique. 

On  s'attachera  a en  faire  un  essai  representat i f , ce  qui  implique  que  la  succession  et  la  duree 
des  phases  de  vol  retenues  soient  telles  qu'elles  reproduisent  les  gradients  de  contrainte  et  de 
temperature,  sinon  pour  toutes  les  pieces,  au  moins  pour  les  plus  solliciteea.  Cela  suppose, 
entre  parentheses,  que  I'on  ait  acquis  une  bonne  connaissance  analytique  et  exper imen t a 1 e de  la 
reponse  de  ces  pieces  aux  sol  I ic it at  ions  stabilisees  et  transitoires . Le  meme  souci  de  representa- 
tivite  conduit  a choisir  des  niveaux  de  charge  du  moteur  tels  quMls  seront  reellement  selection- 
nes  en  service  et  non  pas  des  niveaux  plus  eleves,  ce  qui  permettrait,  certes,  d'accelerer  encore 
I 'essai  mais  risquerait  de  fausser  I ' extr apolati on  par  example  en  faisant  apparaitre  des  defauts 
non  real istes , 

Nous  aliens  docrire  I'essai  que  la  SNECMA  a,  dans  cet  esprit,  fait  subir  a I'Ensemhle  d'Ejec- 
tion  du  moteur  Olympus  5^3  MK  6lO-l4-28,  le  propulseur  de  Concorde,  alors  que  Rolls-Royce,  visant 
les  memes  objectifs,  conduisait  des  essais  cycliques  specialement  adaptes  au  moteur  de  base. 

Dui  ant  tout  le  programme  des  essais  de  deve 1 oppement , 1' Ensemble  d' Eject  ion  et  le  moteur  de  base 
n'avaient  pas  ete  dissocies,  mais  pour  'et  exercice  en  effet , il  a etc  juge  preferable  de  les 
separer  pour  les  soumettre  chacun  aux  conditions  de  fonct ionnement  qui  le  font  le  plus  souffiir, 
sans  allonger  les  delais. 

DESCRIPTION  DE  L'EN'SEMBLE  D'EJECTION  l4-2R  DU  MOTEUR  OLYMPUS  ,5^3  MK  6lO-l4-28 

Les  systemes  et  sous-ensemb les  de  I'Ensemble  d'Ejection  illustre  par  les  Figures  1 et  2 
realisent  les  fonct ions  ci-apres  : 


SYSTEME  0 mjEaKM  CONOUiT 

DE  RECHAUFFE  OE  RECHAUFFE 


TUYERE  PRIMAIRE  14 


TUYERE  SECONOAIRE  DOUBIE  28  - 


RAUPKRES  01  TUYERE  SECONOAIRE 
ET  0 INVERSION  DE  POUSSEE 


jf’Oi.yMPUS593MK6io  14  28..  ENSEMBLE  D'EJECTION 


OLYMPUS  593  MK  610  14  28..  ENStn^BlE  D EJECTION 


Syst  erne  ou  sous-e ri s e mb  1 e 


Nombre  par  moteur 


Rechauf  f e 


Conduit  de  rechauffe 


Tuyere  piimaire  a 
section  varia!>Ie 


augmentation  <le  poussee  programmee 
en  fonct  ion  du  I'egime  moteur  et  de 
la  temperature  ambiante. 

conduit  de  gaz  entre  moteur  et  tuyere 
primal  re 

siege  de  la  combustion  de  rechauffe 

Pnr€im<*t  re  de  regulat  ion  du  moteur' 
avec  et  sans  rechauffe  . 
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Systeme  ou  sous-eiisemb  I e N'ombre  par  moteui' 

Tuyere  secoiulaire, 

structure  fixe  ( une  par  paire  de 

moteur a ) 


Paupieres 


2 


Fonct i on 

. continuite  externe  et  interne 
des  nace lies 

. col  de  reprise  de  1 ' ecoulement 
primaire  et  de  1 * ecoulement 
externe  a chaque  moteur 

. suspension  des  tuyeres  primaires 

(2) 

. articulation  des  U paupieres 

. sieye  de  1' inversion  de  jet 

. reglage  de  la  section  de  tuyere 
divergente  de  chaque  moteur  en 
vol  supersonique 

. realisation  de  1' inversion  de 
poussee  par  interposition  dans 
le  jet  direct  de  chaque  moteur. 


L'une  des  part icular ites  essentielles  de  la  tuyere  secondaire  et  des  paupieres  est  leur 
construction  presque  exclusive  en  STRESSKIN  (panneaux  formes  a structure  alveolaire  soudee  par 
points,  realises  par  la  societe  americaine  ASTECH) , ce  qui  leur  confore  une  grande  rigidite  pour 
une  masse  minimale. 


La  structure  fixe  de  la  tuyere  secondaire  est  consideree  comme  une  structure  avion  et , a ce 
titre,  fait  l*objet  d'un  essai  de  fatigue  classique  dans  les  installations  de  la  British  Aircraft 
Corporation,  ou  lui  sont  appliquees  cycliquement  les  temperatures  et  les  charges  mecaniques 
correspondent  aux  diverses  phases  de  vol. 

Cependant , la  SNECMA  a considere  qu'il  fallait  en  plus,  et  malgre  la  complexite  d'une  telle 
entreprise,  inclure  cette  tuyere  secondaire  double  dans  I'essai  d'endurance  dont  nous  allons 
parler,  pour  la  soumettre  effect ivement  a toutes  les  sol  1 icitations  engendrees  par  le  fonction- 
nement  des  moteurs.  A cela  plusieurs  raisons  : 

- le  matoriau  utilise  ne  beneficiait  que  d*assez  peu  d'experience  dans  des  conditions  severes, 

- l^essai  structural  ci-dessus  mentionne  ne  reproduit  pas  la  fatigue  acoustique,  facteur  deter- 
minant de  la  tenue  des  panneaux  alveolaires  et  ne  recree  pas  correcteraent  le  champ  de  tempera 
ture  qui  existe  a l*arriere  de  la  tuyere  en  inversion  de  poussee, 

- il  n'etait  pas  envisageable  de  recourir  a des  essais  partiels  car  chaque  panneau  represente 
un  cas  particulier  fort  complex©  avec  ses  dimensions,  formes,  discontinuites  locales,  ses 
conditions  aux  limites  et  ses  sol  1 ici t at i ons  thermiques  et  acoustiques  propres. 


CYCLE  DE  VOL 


de 


La  figure  3 indique  de  faqon  schematique 
Mach  en  fonct ion  du  temps. 


I'evolution  typique  du  regime  du  moteur  et  du  nombre 


La  rechauffe  est  utilisee  : 

- au  decollage  pendant  75  secondes  en  moyenne 
(duree  maximale  certifiee  : 5 minutes) 

- en  montee,  pour  1 ' acce lerat ion  transsonique , 
pendant  10  a 12  minutes  (duree  maximale 
certifiee  : 15  minutes) 

- au  regime  maximal  d'urgence,  au  decollage, 
en  cas  de  panne  d'un  moteur  (duree  maximale 
certifiee  : 2H  minutes).  Non  represente 
sur  la  figure  3. 

L' inversion  de  poussee  est  utilisee  : 

- en  vol  a la  maniere  d ' aerofreins , pendant 
une  duree  maximale  autorisee  de  k minutes, 
moteur  au  ralenti  vol.  Cette  phase  n'est 
pas  representee  sur  la  figure  3* 

- a 1 ' atterr i ssage , pendant  5 s 15  secondes 
au  regime  maximal  d* inversion  (taux  de 
detente  : 2,05) « puis  au  ralenti  pendant 
environ  5 secondes.  La  duree  maximale 
certifiee  au  regime  maximal  d* inversion 
eat  de  30  secondes. 

- en  cas  d ' accel erat ion  arrit  (d^collage 
refuse)  par  selection  a partir  du  regime 
maximal  de  decollage  (taux  de  detente 
initial  : 2,35) • Non  represent©  sur  la 
figure  3* 


CYCLK  O'ESSAI  l)E  LONGDE  ENDUHANCK  I)E  L»KN'SKM1U.K  L)»KJKCTlON 


Le  cycle  choisi  par  la  SNKCMA  pour  representor  un  vo  1 c?st  illustro  par  la  figure  U,  Jl  com- 
pofte  dans  leur  into^ralito  les  trois  phases  <iui  sollicitent  I’Knsemhle  d'Kjection  de  fa^oii 
s i ijn  i I'i  cat  i ve , e'est-a-dire  lo  f'onct  i onnernont  on  r«'>chanl’l*e  et  on  inv<?rsion  do  poussoe  a 1‘atier- 
rissaye,  et  se  decompose  ainsi  : 

H6(j  ime  Dui  oo  (minutes)  Hema rg ues 

Kochaul'fe  pc^Mo  l pct  i onnre  au  ralenti 
allvimape  aut  onuit  i r|ue  a la  mise  on 
pu  i ssanc<» . 

lJur«'e  determiiieo  pour  otahlir  les 
conditions  thermicjiios  -pen  «'levees- 
tlans  cefte  phase. 

H«'*chaul'fe  pendant  I')  minutes 
Taux  de  detente  2 , i 


Ihuee  delorminee  pi>\ir'  retahl  ir  les 
conditions  t heim  i (pies  au  ralenti  en 
poussee  ilirecte  avant  *e  dehut  du 
c\ c le  su i vant  , 

ia  cco  is  i eie  , subsoniiiue  ou  s upe  r son  i tpie  , non 
plus  i|ue  1'  inversion  cU*  fioussee  eri  vo  1 , n'ont 
et«‘  It*  piesc*n  t ees  a c aust*  <les  niveaux  de  pression 
el  dt‘  t emp«'*ral  urc*  relativement  faihles  (ju'elles 
impliijuent  , l.e  cycle  ne  compreml  pas  non  plus 
de  I'l'iut  \onnemi*nt  au  regime  maximal  d’urpence  de 
decollate  ni  au  lenimo  d' inversion  de  poussee  en 
accel»'-ral  ion-arret  car  i I s'aijit  <le  cas  rares 
{|ui  ont  |)ar  ail  lours  et  e amploment  «lemontres  par 
h's  essnis  do  cert  ili<“ation.  ICnl'in,  on  ri  * ti  p.is 
lepi'odiiit  le  cycle  de  mouvemtMit  dos  paupieres  en 
vol  s upe  r-son  i «iue  , en  1 'absence  d'une  simulation 
correcte  des  efforts  aerodynam  i t^ucs  (jui  s'exercent 
<laris  cette  phase,  <*t  (jui,  d'apres  les  analyses 
(‘ffecluees,  no  fatipuent  pas  la  tuyere  sccornlaire. 

l.e  lecteur  aura  retnarcjiie  (pie  sur  deux  points 
I'ossai  e.st  plus  S(''ver*e  (pie  1 ' ox  p 1 o i t at  i on  con- 
i' a n t o : 

a)  la  duree  avi  dectillape  avec  rt^'chauffe  est 
do  00  secondes  centre  75.  Comme  il  font 
I'liviron  70  secondes  pour  pvie  les  temperatures 
dll  conduit  de  r«'*chaul  l<’  se  stabi  lisent  a leur  valour  mnximale,  nous  avons  en  reserve  un 
coelficient  de  S('*verite  .sur  la  dui'ee  cumulee  superieur  au  rapport  dO/7^, 

b)  le  taux  de  detente  cni  invei-sion  de  pouss«'‘e  est  d(»  , 3 centre  2, O'?. 

INSTAI.l.ATlON  1)'K.SSAI 

l.’pssai  a el  e realise  au  Centre  d'Ks.sai  des  Propnlseurs  (CKPr)  a Snclav,  France.  II  et  a i t 
centr«''  sur  I'Knsemble  d’Kje».tion  ef  non  sur  lo  moteui'  do  base  cpi  i sorvait  en  sommo  de  qi'Miernteur 
dc  pn/  . 

Mien  entendu,  installer  la  tuyere  secondaire  double  et  la  sollicitor  correctement  n'a  pas  ot  e 
un  mince  probleme.  Kile  est  normalement  charpe'e,  par  chaciin  des  deux  moteu/s  dent  elle  revolt 
1 ' ('•chappement  , anx  points  de  suspension  des  2 tuyeres  primaires,  d * ar  t i culat  ion  do.'  ^ paupieres 
et  d'ancraije  des  8 V(»rins  de  commande  des  paupieres. 

On  a procedi’  d'aliord  a un  essni  d'evaluation  aver  deux  moteurs  cote  a c8to,  fonc t i oi.rsan t 
s i mu  1 t arn'^men  t -y  compris  en  inversion  de  poussee-  ou  separ('*merit  , ce  qui  ne  s'('*tnit  sans  doute 
jamais  fait  dans  le  monde  auparnvant  dans  un  banc  d'essai  (poussee  lotalo  : 3/1  OOO  daN/7(i  500  lb). 

pour  I'enduiance  propromenf  dite,  il  n'etnit  riecessaire  quo  d * i mmob  i H se  r un  seul  moteur  pour 
tester  la  baie  rorrespondaiit  e completement  equipeo.  Cependant  nous  ne  voulions  pas  quo  I 'absence 
d ' un  moteur  provoque  des  efforts  nnormaux  (du  point  de  vue  do  la  lonpiie  endurance)  dans  la 
structure  de  la  t uyi'ue  secondaire.  Aussi  avons  nous  convu  un  sysfeme  de  mise  en  charpe  destin/'  a 
.simuler  dans  In  bare  inocciipee  les  efforts  venant  de  sa  tuyere  primaire,  de  sos  paupieres  et  de 
.ses  verins  de  commando.  Ces  diffi'q-ents  efforts  etaient  rcMjules  c yc  1 i (^uomen t en  fonction  de  la 
pression  d ' I’ject  ion  dn  moteur  de  I'autre  baie.  Ce  systi'mo  a fonctionne  a la  perfection  pendant 
tout  I 'essai  d ' endurance . 

Concernant  In  baie  directement  affoctee  par  le  moteur,  la  comparnison  des  mesures  de  t emp«'*rat  ure 
et  de  viVirations  -ces  dernieres  d'oriqine  ncoustiijiie  et  f res  intenses  surtout  en  inversion  de 
poussee-  effectiiees  an  banc  et  en  vol  en  de  nombreux  points  do  la  tuyere  secon<lair«  a pormis  de 
cotrclure  a une  bonne  represent  at  i vi  t e de  I'instnIIat  ion. 

II  n'a  pas  I'te  jii'ie  utile  de  prechauffer  I'admission  du  moteur  pour  simuler  I ' echnuf  foment 
dynamtqne  car  I'effet  sur  I'Knsemlile  d'Kjection  est  pratiquomont  neplipenble,  ni  de  roproduiro 
le  niveau  <le  pression  a I'entreo  du  moteur  on  monteo  et  accel  ('•rat  i on  t ransson  i <\ue  car  il  est 


I)('Co  1 lape 


Xh 


Croisiei'e  subsoniejue 

Monteo  et 

accelerat  ion  t t'anssori  i quo 
Inversion  maxi  male 
I n ver*s  i on  i n 1 en  t i 
Ufi  lent  i 
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inferieur  a la  pression  at  mosphor  i que  au  sol  ((l»ou  une  intensito  accrue  du  niveau  sonore  pendant 
les  15  minutes  tie  cette  phase  en  rechauffe), 

RESDLTATS 

L'objectif  de  1 750  cycles  a ete  atteint  au  debut  tie  decembre  1075,  soil  presque  deux  mois 
avant  I’entree  en  service.  Compte  tenu  des  operations  de  reglage  s'ajoutant  aux  cycles  d'endu- 
rance , nous  avons  realise  : 

3 5(>(j  allumages  de  la  I'echauffe 

^*92  h ^8*  en  rechauffe 

1 850  selections  de  1' inversion  de  poussee 

17  h ^*6'  en  inversion  de  poussee. 

Pour  les  elements  scnsibles  surtout  au  f one t i onnement  en  rechauffe,  nous  considerons  avoir 
simule  au  moins  1 750  vols  commerciaux,  soil  environ  5 000  heures  sur  la  base  de  la  duree  de 
vol  moyenne  constatee  aujourd'hui.  Pour  les  elements  sensibles  a I'inversion  de  poussee  comme 
les  parties  arriere  de  la  tuyere  secondaire  et  les  paupieres,  il  s'est  avert*  aprea  une  etude 
statist  iquG  de  1 ' ut  i I isat  i on  commerciale  (jue  I'essai  etait  plus  severe  que  la  realite  (taux  de 
tietente  2,3  au  lieu  de  2,05).  Les  calculs,  bases  sur  les  mesures  de  temperature  et  de  contrainte 
mentionnees  plus  haul  et  sur  les  caract or i st i ques  en  fatigue  aleatoire  du  materiau  STRESSKIN, 
ont  montre  que  I’essai  co r responda i t a 2 500  vols  commerciaux,  soil  a peu  pres  7 500  heures. 

L’essai  s’est  deroule  sans  incident  majeur,  en  deux  tranches  soparees  par  une  inspection  de 
detail  programmee  a 1 000  cycles  (contrSle  sonore  du  materiau  STRESSKIN  "a  la  piece  de  monnaie”, 
controles  par  endoscopes,  gammagraphie  ou  rad i ograph ie ) , Quelques  types  de  dofauts,  nouveaux  ou 
deja  connus , sont  apparus  que  nous  avons  laisses  se  tievelopper  ou  que  nous  avons  corriges,  profi- 
tant  ogalement  de  cet  essai  pour  evaluer  1 ’endurance  de  pieces  reparees , Citons  par  exemple  des 
decohesions  locales  et  des  criques  de  la  peau  exterieure  du  STRESSKIN  sur  les  faces  latcrales 
externes  des  paupieres  et  sur  le  cote  interne  de  la  partie  arriere  des  murs  lateraux  de  la  tuyere 
secondaire.  La  parade  consiste  a proteger  les  zones  affectees  ])ar  des  "doubleurs"  en  tole  fixes 
sur  le  STRESSKIN.  Les  paupieres  ainsi  modifi«'*Gs  ont  ete  livr«'*es  aux  compagnies  aeriennes  pour  la 
mise  en  service,  tandis  que  les  murs  lateraux  sont  mnintenant  pourvus  de  protections  thermiques 
sur  les  zones  susceptibles  il’etre  affectees. 

Revenant  au  prt>l)leme  de  la  repr  esent  at  i v i t e <le  I'essai,  on  peut  se  demander,  apros  plus  d'un 
an  tl ' ex  pi  o i t at  i on  ct)mmei'c  i a 1 e , si  ses  resultats  n'ont  pas  «'te  infirmes  en  service  reel.  Actuel- 
lement , la  reponse  est  non  pour  la  grande  major  it e des  pieces,  mais  ce  n'est  pas  etonnant  vu  le 
nombre  encore  modeste  des  heuios  de  vol  accumulees.  Cependant , nous  avons  eu  tout  de  meme  une 
mauvaise  surprise  au  sujet  cles  accroche- f 1 amme  de  rechauffe  qui  y***esentent  des  criques  a des  ages 
nettement  plus  faibles  que  celui  que  I'essai  d ' end urance  nous  avail  laisse  envisager.  Ce  point 
est  i r»t ei'essan t parce  (|u'il  montre  (]»ie  les  conditions  globales  les  plus  severes  ne  sont  pas 
toujours  les  plus  s«'*v<'res  pour  toiites  les  piocos,  II  s'avet'e  que  sur  certaines  routes  on  rencontre 
des  t emporn t ures  ambiantes  rlevoes  en  altitude.  Cela  conduit,  par  le  jeu  de  la  regulation  du  moteui 
et  de  la  rechauffe,  a une  reduction  de  la  richesse  de  r«'Chauffe  et  ainsi  a une  flamme  qui  s'ac- 
croche  de  tr«'*s  pres  a 1 • accroche- f 1 amme  et  le  deteriore  rapidement.  Or,  pour  I'essai,  nous  avions 
au  contraire  choisi  des  debits  de  carburant  tie  r«'*chauffe,  done  des  richesses,  plus  eleves  dans 
le  but  evident  d'imposer  les  temperatures  maximales  au  conduit  de  rechauffe  et  aux  tuyeres 
primaire  ot  secondaire. 

POliRSLlTE  DE  L*  ESSAI 

Des  mi-7^N  lo  memo  Ensemble  d'Ejection  repronait  sot\  essai  d ' et\durance  , selon  un  cycle  modifie 
poui  Olre  egalement  s i gn i f i cat i f pour  certains  elements  du  moteur  Olympus  (addition  d'une  phase 
dc  crofsiere  superson  i(iue  avec  prechauffe  de  1 ' mini  i ss  i on  ) . L'objectif  actuel  est  d'ajouter  85O 
nouveaux  c yc les . 

CONCLUSION 

La  longue  endurance  de  I'Ensemble  d'Ejection  de  I'Olympus  593i  eo  particulier  celle  de  la 
tuyere  secondaire,  rj'etait  pas  evidente  a priori,  tant  sont  agressives  les  conditions  dc  pression, 
temperature  et  vibrations  auxqvielles  il  est  soumis.  L'essai  qui  vient  d'etre  decrit  a permis 
avant  meme  le  d»'*but  de  Sexploitation  commerciale  de  tabler  rai  sonriab  lement  sur  des  duroes  de 
vie  effectives  depnssant  5 000  heures  pour  la  plupart  des  elements. 

L'endurnnee  se  poursuit,  de  fnc,on  a maintenir  notre  avance  sur  les  ut  i 1 isateurs , jusqu'au 
point  oil  probablement  1 'experience  plus  general isee  acquise  par  ces  derniers  viendra  prendre 
1 e re  1 a i s . 

Malgre  son  original ite,  cel  essai  a'inscrif  dans  la  ligne  gi'nerale  des  essais  de  longue 
endurance  des  moteurs  que  nous  avons  situee  au  d«'‘but  de  cet  expose.  L'importance  grandissante 
qui  lour  est  donnee  dans  les  programmes  de  deve 1 oppement  ties  nouveaux  moteurs  devrait  etre 
per<;ue  par  leurs  futurs  utilisateurs  comme  un  gage  suppl  ement  n i re  de  leur  fiabilite. 


I4(. 


J.C.Ripoll 

Vous  ave/.  nK'ntionnc  (dans  le  texte)  un  cas  on  dcs  essais  scvcres  n'onl  pas  souints  toutcs  Ics  piiicos  aux 
conditions  Ics  pins  scvcres.  Comment  peut-on  eviter  de  tomber  dans  cc  “piege”. 

Reponse  d’auteur 

Jc  crois  cpi'il  n’y  a pas  de  possibilites  de  I'aire  im  essai  qni  soit  tres  representatil'  pour  tontes  les  pieces,  et 
que.  par  consequent,  il  est  inutile  de  vouloir  realiser  I'impossible;  tout  an  plus  peut-on  identifier  les  composants 
qui  ne  seront  pas  essayes  d'une  faij'on  satisfaisante  au  cours  d'un  essai  donne,  et  I’essentiel  sera  de  le  savoir 
pour  eventuellement  I'aire  un  autre  type  d’essai  adapte, 

P.H.Gourgeon 

Pense/.-vous  poursuivre  ces  essais  jusqu’a  la  couverttire  de  la  vie  complete  de  cet  ensemble,  ou  sinon  a quel 
moment  pensev-vous  vous  arreter? 

Reponse  d'auteur 

D line  laij'on  generale,  le  contructeur  a besoin  du  teed-back  de  I'utilisation  reelle  pour  reevaluer  la  representativite 
d un  tel  essai  d endurance.  Dans  le  cas  particulier  de  I’ensemble  d'ejeclion  de  rolympus  nous  allons  marquer 
line  pause  et  attendre  une  accumulation  plus  grande  de  I’utilisation  commerciale  et  comparer  ses  resultats  aux 
resultats  de  I’essai  d’cndurance. 

D’autre  part,  cet  essai  ne  sera  pas  poiirsuivi  jusqu’a  couvrir  la  vie  complete  car  il  ne  pent  finalement  pas  se 
substituer  a I’experience  relle  et  car  la  depense  serait  trop  importante. 
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SUMMARY 

The  accelerated  mission  test  has  been  successfully  used  in  the  FlOO  engine  program  to  anticipate  potential  future 
problems.  Early  identification  of  service  oriented  problems  has  provided  the  lead  time  necessary  to  take  corrective 
action  before  the  problems  occur  in  operation  which  decreases  engine  “down”  time  thereby  improving  life  cycle  cost. 

The  AMT  is  a supplemental  testing  procedure  and  must  be  used  in  conjunction  with  all  of  the  advanced  structural 
analysis  techniques. 

Plans  are  now  being  developed  to  conduct  accelerated  mission  tests  on  engines  that  have  completed  the  overhaul 
or  depot  cycle.  The  purpose  of  the  testing  will  be  to  identify  potential  problem  areas  associated  with  engine  parts  that 
have  been  repaired  in  accordance  with  the  overhaul  procedures. 

ABSTRACT 

The  powerplants  of  today’s  most  advanced  air  superiority  fighters  must  have  a high  thrust-to-weight  ratio,  rapid 
throttle  response,  low  fuel  consumption,  low  maintenance,  functional  efficiency  over  a wide  altitude  and  Mach  number 
envelope,  and  most  importantly  be  reliable.  To  attain  the  desired  reliability  level  requires  new  and  innovative  reliability 
techniques.  This  paper  describes  the  fundamental  constituents  of  the  Accelerated  Mission  Test  (AMT)  instituted  by 
Pratt  & Whitney  Aircraft  in  conjunction  with  the  U.  S.  Air  Force  as  a new  reliability  assessment  tool  on  the  FlOO-PW-lOO 
augmented  turbofan  engine,  the  newest  production  engine  in  the  U.  S.  Air  Force  inventory. 

Accelerated  endurance  testing  of  aircraft  engines  is  not  a new  concept.  The  innovation  of  the  AMT  is  the  accurate 
characterization  of  the  engine  duty  cycle  in  the  aircraft  mission  profile  by  the  use  of  an  Engine  History  Recorder  (EHR). 
pilot  interviews  and  analytically  .selecting  the  crucial  events.  Creating  a cycle  of  only  the  engine  damaging  conditions 
(hot  time,  rotor  speed,  throttle  cycles)  in  proportion  to  the  mission  can  significantly  increase  the  ratio  of  equivalent 
mission  time  to  test  time.  This  accelerated  testing  provides  faster  results  at  significantly  lower  costs. 

Discussion 

hmgine  performance,  thrust-to-weight,  is  a critical  element  in  the  overall  success  of  a fighter  aircraft.  Generally,  the 
higher  the  engine  performance  is.  the  more  effective  the  weapons  systems.  Hand  in  hand  with  performance  goes 
reliability,  for  without  this  essential  ingredient  there  can  be  no  confidence  in  the  total  system. 

Reliability  doesn't  just  happen,  it  must  he  designed  into  the  engine.  Many  assumptions  must  be  made  concerning 
the  exact  environment  in  which  the  engine  parts  must  function  and  the  higher  the  performance  required,  the  smaller 
the  margin  for  error  during  the  design  pha.se.  Therefore,  to  realize  the  highest  level  of  reliability  in  the  design,  accurate 
verification  tests  must  be  devised  to  a.ssure  the  basic  assumptions  are  correct. 

The  mi.ssion  or  duty  cycle  is  one  of  the  many  assumptions  that  are  made  early  in  the  design  concept  pha.se.  The 
duty  cycle  is  a prime  contributor  to  the  reliability  of  the  propulsion  system  throughout  its  life.  Historically,  it  has  been 
very  difficult  to  predict  a real-life  mission  profile  for  a high  performance  fighter  aircraft.  The  variable  utilization  of 
military  aircraft  (air-air.  air-ground,  etc.),  is  one  reason  for  the  difficulty  in  accurately  predicting  the  mission  profile. 
Another  reason  is  that  a wide  variety  of  adversary  aircraft  frequently  necessitate  changes  in  tactics  and  therefore 
mission  profiles  on  a continuing  basis.  The  Accelerated  Mission  Test  (AMT)  program  was  devised  for  the  FKK)  engine 
as  a means  of  improving  reliability  throughout  its  service  life.  This  program  is  composed  of  four  parts:  1)  determination 
of  the  actual  mission  profile:  2)  defining  test  conditions;  3)  AMT  verification;  and  4)  implementing  required 
engineering  changes. 

Determination  of  the  Mission  Cycle 

The  mission  profile  established  for  the  FlOO  engine  design  competition  was  an  almost  equal  mixture  of  subsonic 
and  supersonic  missions.  The  large  amount  of  supersonic  flight  time  underscored  the  need  to  concentrate  on  stress 
rupture  life  of  the  parts  in  the  high  temperature  gas  path.  The  subsonic  throttle  excursions  of  the  engine  were  predicted 
on  usage  experience  with  high  performance  fighter  aircraft  in  the  early  seventies.  The  FKK)  test  requirements  were 
predicated  on  these  mission  a.ssumptions.  The  prototype  FlOO  engine  completed  a 60-hour  Preliminary  Flight  Rating 
Test  (PFRT)  in  February  1972  that  cleared  the  engine  for  the  start  of  the  F-15  flight  test  program.  A rigorous  l.Kl-hour 


Qualifk-tttinn  Test  <QT)  was  successfully  completed  in  April  1974  by  an  operationally  configured  engine.  The  first 
o|)erational  F-15  was  delivered  to  the  Tactical  Air  Command  in  November  1974.  Shortly  after  the  F-15  became 
operational,  a team  of  .Air  Force  and  Pratt  & Whitney  Aircraft  engineers  began  a series  of  interviews  with  TAC  pilots 
fri'm  the  F-15  Tactical  Training  Squadron  and  the  Operational  Test  and  Evaluation  organizations  to  identify  the  flight 
envelope,  throttle  movements,  and  time  at  various  power  conditions  for  the  wide  variety  of  missions  conducted  by  the 
two  organizations.  The  pilots  readily  admitted  it  was  difficult  to  accurately  recount  the  actions  taken  during  the  very 
active  air  combat  missions.  The  FlOO  engine,  however,  has  an  electromechanical  device,  called  an  Events  History 
Recorder  (EHR)  mounted  on  each  engine.  This  device  receives  a variety  of  engine  parameters  that  permit  the  clocking 
of  total  engine  operating  time,  time  at  high  turbine  temperature  and  the  number  of  throttle  excursions.  The  information 
recorded  by  the  EHR  was  then  compared  to  the  pilot  interview  information.  Follow-up  discussions  were  held  with  the 
pilots  to  verify  that  the  engineers’  data  reasonably  portrayed  the  mission  being  flown. 

Figure  1 graphically  shows  how  the  test  cycle  is  established.  Periodic  interviews  are  conducted  to  keep  the 
engineering  mission  profile  curi“nt  with  operational  usage.  For  example,  a change  in  mission  mix  ratio  between  air 
combat  mi.ssion  and  ground  support  can  significantly  change  the  throttle  excursion  rates.  This  change  is  shown  in 
Figure  2. 
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Figure  2.  Full  Throttle  Excursions  Increase  for  Higher 
Thrust/Weight  Aircraft 


Defining  Test  Conditions 

Analytical  modeling  based  on  stress  and  temperature  surveys  established  structural  life  capability  of  all  major 
engine  parts  with  the  new  mission  profile.  The  analysis  indicated  that  operation  at  idle  and  cruise  power  conditions  had 
an  insignificant  impact  on  engine  life.  As  a result,  idle  and  cruise  power  time  was  eliminated  from  AMT  schedule; 
however,  all  full  throttle  excursions,  high  temperature  time,  and  cold  start  take-offs  were  programmed  into  the  cycle 
because  their  impact  was  significant.  This  technique  permitted  the  compression  of  the  test  hours  to  mission  hours  by 
a factor  of  three  and  the  savings  in  time  and  money  is  very  significant.  The  AMT  cycle  is  shown  on  Figure  3.  During 
the  test,  the  engine  is  subjected  to  supersonic  time  (altitude  facility)  proportional  to  the  operational  mission.  Aircraft 
installation  effects,  horsepower  and  bleed  extraction,  and  elevated  fuel  temperature  are  also  programmed  into  the  test. 
Cold  start  take-off  cycles  subject  the  hot  section  of  the  engine  to  the  most  severe  environment.  Figure  4 compared  the 


15-.? 


qunlification  test  evcle  to  the  present  mission  cycle.  A hot  parts  temperature  survey  was  conducted  prior  to  the  first 
AM'r  to  establish  the  proper  accelerated  test  technique.  A full  life  cold  start  take-off  cycle  test  was  then 

completed  before  starting  the  AMT. 

Obviously  the  test  time  compression  factor  varies  with  engine  application  and  the  design  margins  established  for 
the  engine.  The  compression  factor  for  a bomber  or  transport  engine  would  be  significantly  less  and  the  throttle 
excursions  would  play  a less  prominent  role  in  engine  life  usage  ratio  providing  equivalent  care  was  taken  to  maintain 
good  transient  turbine  temperature  control. 


Spec  or 
QT 

AMT 

Total  time  (hr) 

2,000 

2,000  (equiv) 

Military  and  above  (hr) 

348 

240 

> Mn  1.6  (hr) 

70 

2 

Cold  engine  take  offs 

1,750 

1,180 

Partial  cycles 

350 

10,700 

Augmentor  transients 

987 

7,600 

FI)  S(SI« 

Fiffure  4.  Engine  Usage  is  Significantly  Different 


AMT  Verification 

Air  Force  operational  units  have  utilized  a "Lead  the  Force"  (LTF)  program  for  newly  deployed  systems  for  many 
years.  T’he  Air  Force  has  twelve  FlOO  engines  in  an  LTF  program  called  "Pacer  Century.”  The  condition  of  the  parts 
in  the  first  AMT  engine  was  compared  to  the  parts  in  the  first  two  Pacer  Century  engines  at  250  hours  and  again  at  500 
hours.  The  AMT  parts  compared  favorably  to  the  Pacer  engines  at  both  inspection  periods.  This  first  AMT  engine, 
which  had  some  parts  manufactured  with  Development  (soft)  tooling,  completed  the  equivalent  of  over  four  years  of 
o(>eralional  life  (i:<00  hours)  in  3,50  hours  of  actual  testing  in  a little  more  than  four  months  elapsed  time.  The  test 
revealed  the  onset  of  thermal  cvclic  distress  in  the  hot  section  at  the  1000-t.our  inspection.  The  early  problem 
identification  has  provided  time  for  corrective  action  as  shown  on  Figure  5.  Twi,  engines,  taken  directly  from  the 
prixiuction  line,  have  been  added  to  the  program.  AMT  II  has  now  completed  17.50  hours  of  an  air-air  mission  te.st  and 
.AM  I III  has  completed  ins|)ection  after  .5(X)  hours  of  an  air-ground  mission  test.  Hot  section  engineering  changes 
designed  to  improve  the  distress  found  in  AMT  I are  being  evaluated  in  both  of  these  tests. 
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Figure  5.  AMT  Supparts  Pacer  Century 


Rapid  Implementation  of  Changes 

The  primary  purpose  of  the  AMT  is  to  improve  the  reliability  of  the  engine  during  its  full  life  time  by  identifying 
(lotential  problems,  developing  improvements  and  implementing  the  changes  during  the  early  production  phase  of  the 
program.  The  AMT  has  provided  an  insight  into  the  future,  thereby  allowing  time  to  take  corrective  action  before  the 
problems  are  encountered  in  service.  Later,  accelerated  mission  test  engines  will  be  used  to  prove  out  the  engineering 
changes  necessary  to  solve  identified  problem  areas. 

Benefits  and  Limitations 

.At  the  completion  of  the  Accelerated  Mission  Test,  a significant  portion  of  the  engine  will  have  tteen  subjected  to 
conditions  equal  to  that  expected  during  its  service  life  time.  The  AMT  does  not.  however,  expose  all  of  the  engine  to 
a full  life  time  of  usage  because  it  is  an  accelerated  test.  The  gearbox,  hearings  and  seals,  for  example,  will  be  suVrjected 
to  far  more  revolutions  during  their  service  life.  The  AMT  is  not  a replacement  of  the  normal  design  analysis  and 
laboratory  verification  tests  such  as  bearing  and  seal  rigs.  Further,  the  AMT  program  is  a very  small  statistical  sampling 
of  the  operational  engines.  The  AMT  by  itself  is  limited  in  scope,  however,  combined  with  advanced  structural  analysis 
techniques  such  as  finite  element  technology  and  design  sensitivity  analyses,  it  becomes  a very  strong  reliability 
assessment  tiMil  not  previously  used. 
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DISCUSSION 
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J.  Slat  lord 

llic  author  moiitioiicd  that  the  AM  I did  not  cover  very  adec|iiatcly  the  IK  I type  \lhration.  May  I ask  it  I’ratt  iV 
Whitney  liave  any  ideas  on  liow  tliis  type  of  vibrations  can  be  covered  by  engine  testins; 

Author’s  Reply 

^ es.  one  method  that  is  used  is  small  step  changes  in  speed  and  watch  Tor  vibration  elfects.  The  actual  i|iialilication 
test,  or  endurance  lest,  is  structured  in  that  maimer.  We  intend  to  use  that  type  of  testing  to  determine  whether 
we  have  a critical  vibratory  mode. 


E.E.AItell 

If  1 may  comment  on  checking  of  the  IICT-  mode: 

I he  high  cycle  tatigue  modes  are  evaluated  by  means  of  strain  gage  instrumentation  on  special  test  engines.  These 
engines  will  be  operated  over  the  entire  llight  envelope.  The  results  from  these  tests  are  examined  thoroughly  to 
insure  that  no  deleterious  vibration  modes  exist  in  the  gas  path  airfoils.  Such  programs  have  been  accomplished 
on  current  development  US.\!'  engines. 


M.  Holmes 

What  proportion  of  accelerated  mission  test  is  carried  out  in  altitude  test  facilities? 

.Author’s  Reply 

I he  ei|uivalent  tto  the  testing)  to  the  data  that  we  receive  from  the  field.  We  conduct  test  from  Mach  Number 
l.b  to  Mach  Number  2.0,  Now  in  that  particular  regime  the  Mach  Number  excursions  in  an  altitude  test  stand  are 
not  totally  representative  of  what  you  see  in  operation.  The  altitude  facility  cannot  make  the  transitions  as 
rapidly  as  the  aircraft  can  in  operation.  The  amount  of  time  is.  as  1 showed  in  my  chart.  The  time  above  1,6 
is  only  two  hours  in  two  thousand  hours. 


J..A..\guer 

What  is  the  order  ol  magnitude  ol  turbine  and  compressor  disc  lives  on  military  engines  as  compared  to  certified 
disc  lives  on  commercial  engines  like  J I'XD’s  and  JTdD’s? 

.Author’s  Reply 

I have  made  a comparison  of  the  I 1 00  for  2000  hours  of  operation  compared  to  JTKl).  And  that  comparison 
compares  very  lavourably  Irom  TCI-  type  cycles  to  8000  hours  of  operation  in  airlines.  It  is  ama/ing  how  close  it  is. 


W.Overniars 

Is  aircralt  intake  distortion  represented  during  accelerated  mission  testing’ 


Author’s  Reply 

No,  we  do  not  run  distorted  tests.  We  do  not  leel  that  that  is  representative  from  a structural  stand  point.  We  do 
use  hot  fuel  and  horse  power  extraction  to  make  it  representative  to  what  happens  in  the  field  however.  We  do 
apply  horsepower  extraction  and  bleed  extraction  that  the  airplane  uses  and  also  hot  fuel.  This  engine  has  to 
operate  with  200'’T  fuel  inlet  temperature. 


W, Overmars 

Is  total  duration  AMT’s  as  indicated  on  your  charts  the  eiiuivalent  of  numbers  of  flight  hours  shown  or  have 
actual  test  hours  been  shown? 

Author’s  Reply 

It  is  2000  hours  of  eipiivalent  aircraft  operation  not  actual  run  hours. 


W. Overmars 

You  have  indicated  that  your  AMT  cycle  simulating  1-1/2  hours  llight  in  1/2  hour  test.  So  is  your  actual  AMT 
running  2000  hours  therefore  simulating  6000  cycles? 

.Author’s  Reply 

My  chart  shows  the  total  number  ol  (start)  take-off  cycles,  and  the  number  ends  up  to  be  I 1 80  llights. 
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G.N.J.Rohiiison 

Rovortiiif!  to  tho  qiii.".lioii  ol  liiitli  cycli.'  I’atittiic  Ci.'stiii!:,  wi‘  liavc  I'oimd  that  one  ol  the  principal  problems  is  to 
identity  the  precise  location  ol  the  maxmuim  stresses.  I wonder  if  yon  have  considered  or  yon  are  accnslomed 
to  nse  brittle  laci|ners  as  a means  ol  delcrininii'a  the  rettions  ol’ stress  conceutralion  or  any  other  technir|ne'! 

.Vnllior’s  Reply 

1 think  W'c  are  using  strain  gauges  on  engines  as  .\lr.  .Abell  said,  we  do  a complete  stress  survey  ol  the  engine  at 
the  initial  phase  ol  its  program,  and  then  if  there  are  changes  we  go  hack  and  ilo  stress  surveying  of  the  engine 
as  well  as  thermal  surveying.  But  w'e  do  not  nse  stress  laci|ner. 

\1. Holmes 

I he  missions  assnined  in  the  engine  specilication  ,md  the  ipialificallon  test  schedule  were  fonnd  to  vary  from 
actual  engine  usage;  has  this  been  anticipated  in  the  design  stage?  How  nuicli  overdesign  resulted? 

Aullior's  Reply 

-As  I nienlioned  earlier  we  designed  the  engine  to  the  U 1 reiinirement  but  we  also  had  a mission  applied.  .As  a 
matter  ol  lact.  it  is  very  dillicnlt  at  times  to  get  .1  goiid  representative  mission  at  the  beginning  of  a program. 

.And  so  we  made  efforts  earlier  in  the  program  jiliase  to  establish  some  form  of  cyclic  life  lhat  w'e  thonghl  we 
had  to  have.  So  we  diil  design  the  engine  to  a greater  IK  I-  cyclic  life  Ilian  the  QI  rei|nired.  In  the  process  of 
designing  the  engine  we  designed  it  to  very  sesere  stress  rnptnre  characterislies. 

Ill  addition,  we  had  it  designed  lor  onr  theoretic, il  cycle  or  mission  lhat  we  had  pi, iced  upon  ourselves  which  was 
somewhat  ol  the  older  ol  4000  eycles  compared  with  the  lOOtIO  that  we  now  are  seeing.  We  had  to  go  back  and  do 
a complete  reanalysis  of  the  engine  from  a standpoint  of  thermal  and  mcclnmical  stress  for  ,ill  discs  and  for  all 
critical  parts  111  the  engine. 

1 he  last  c|neslion  is  rel.ited  to  whether  we  had  the  engine  oterdesigned  from  the  standpoint  of  weight.  We  ha\e 
designed  from  a stress  rnptnre  standpoint  and  we  hate  added  cooling  flow  to  the  turbine  in  excess  of  what  would 
be  necessary,  had  we  known  the  mission  cycle.  I ilo  luit  feel  though  with  the  thrnst  to  wcighl  ratio  that  the 
engine  has  obtained,  tli.it  '■  e hate  compromised  loo  f.ir. 


j 

I .h, Covert  j 

I think  tins  t|neslion  illnsti.iles  a signilic.ini  diflerence  between  tiesigning  engines  for  milil.iry  nse  aiul  tiesigning  i 

engines  tor  eommerci.il  nse.  1 think  it  is  iiincli  easier  It)  be  .ible  to  say  with  some  confidence  what  the  used  cycle 
will  be  Itir  a commercial  engine.  I he  prnii.iry  reason  t)f  course  is  obvious  but  the  people  who  tlrive  fighter 
type  airplanes  when  they  have  a new  totil  bectime  highly  skilletl  in  using  this  lotil  to  its  full  ativanlage,  .And 
this  tise  may  not  correspond  to  what  the  tiesigners  had  in  mind  because  the  designer  does  not  think  like  the 
yoniig  tighter  pilot  and  ol  course  the  ytnmg  fighter  pilot  does  not  think  like  the  designer  either. 
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SUMMARY 


In  this  paper  some  results  of  the  experimental  investigations 
on  the  effect  of  implanted  local  faults,  e.g.  turbine  guide 
vane  damage,  plugged  fuel  nozzles  and  turbine  rotor  blade 
damage,  on  the  performance  of  a single  spool  turbojet  engine 
are  presented.  The  formation  of  flow  non-uniformities  down- 
stream the  faults  is  especially  described. 

In  one-dimensional  gas  path  analysis  systems  circumferential 
averaged  thermodynamic  parameters  are  used  for  fault  detec- 
tion. The  effect  of  the  implanted  faults  on  some  of  these 
averaged  parameters  will  be  shown  in  comparison  with  the  lo- 
cal parameter  changes  in  the  disturbed  sector. 

Furthermore  the  possibilities  of  using  the  analysis  of  flow 
non-uniformities  for  the  isolation  of  local  faults  in  the 
hot  section  of  turbojet  engines  are  discussed  and  questions 
of  probe  position  for  this  diagnostic  technique  are  venti- 
lated. 


LIST  OF  SYMBOLS 

F thrust 

itip  fuel  flow 

Pp  fuel  injection  pressure 

p^2  total  compressor  discharge  pressure 

p^jj  total  turbine  discharge  pressure 

p^  static  turbine  discharge  pressure 

T|,j  total  compressor  inlet  temperature 

T^jj  total  turbine  discharge  temperature 

f circumferential  angle 

Pp  fuel  density 

Subscripts 

c corrected 

0 without  fault 


1 . INTRODUCTION 

Today  the  "health"  of  a turbojet  engine  in  an  aircraft  is  estimated  with  the  help  of  a 
few  parameters,  such  as  fuel  consumption,  exhaust  gas  temperature,  engine  speed  and 
throttle  lever  position.  In  case  that  the  parameters  during  the  flight  diverge  from  the 
nominal  values,  due  to  an  engine  fault,  statements  about  the  nature  and  of  the  extent  of 
the  fault  in  general  can  only  be  made  after  a trouble  shooting  on  the  ground, i.e.  visual 
inspection,  borescope  check,  oil  analysis  and  so  on. 

If  one  wants  to  obtain  during  the  flight  detained  information  about  an  engine  fault  in 
order  to  take  the  necessary  steps  to  end  the  flight  mission  successfully,  to  avoid  se- 
condary damages  and  to  give  the  required  maintenance  orders  after  landing,  additional 
engine  parameters  have  to  be  taken  into  consideration  and  to  be  analysed. 

The  monitoring  of  the  mechanical  "health"  of  an  engine  and  of  the  accessories  is  possible 
to  a great  extent  by  means  of  the  appropriate  fixing  of  sensors.  It  is,  however,  very 
difficult  to  detect  faults  in  the  gas  path  components,  such  as  compressor,  combustion 
chamber  and  turbine.  A lot  of  engine  faults  can  be  isolated  by  measuring  and  analysing 
thermodynamic  parameters.  These  possibilities,  however,  are  limited  by  the  generally 
necessary  limitation  of  the  number  of  parameters,  by  the  achievable  measuring  accuracy 
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and  by  the  nature  of  diagnostic  system.  In  order  to  detect  failures  which  are  for  the 
most  part  homogeneous  and  which  can  be  seen  in  a change  of  efficiency,  of  mass  flow  and 
in  a change  of  area,  diagnostic  systems  which  are  based  on  an  one-dimensional  method 
suffice . 

2.  LOCAL  FAULTS  CREATE  NON-UNIFORMITIES 


Especially  faults  in  the  hot  secti 
by  a malfunction  of  burners,  fault 
the  combustion  chamber  and  turbine 
flow  non-uniformities.  The  isolati 
an  one-dimensional  analysis.  When 
rameters  according  to  the  position 
diagnosis  too  contrary  conclusions 
probes  are  averaged,  the  changes  i 


on  of  an  engine  like  inhomogeneous  combustion  caused 
s in  the  mixing  zone  of  secondary  and  primary  air  in 
guide  vane  damages  create  intensive  temperature  and 
on  of  such  local  faults  is  hardly  possible  by  means  of 
using  single  probes  completely  contrary  changes  in  pa- 
of  probe  may  be  the  result,  so  that  from  the  following 
have  to  be  expected.  If  the  measured  values  of  several 
n parameters  due  to  such  faults  can  become  zero. 


Flow  non-uniformities  can  also  be  caused  by  disturbances  outside  of  the  engine  like  local 
compressor  air  bleed  or  compressor  inlet  flow  distortion.  Experimental  investigations  on 
the  effect  of  circumferential  temperature  and  pressure  distortion  at  compressor  inlet  on 
engine  performance  showed  especially  marked  non-uniformities  of  temperature  at  compressor 
exit  and  a change  of  compressor  characteristic  121 . In  this  paper  however,  only  the  ef- 
fects of  faults  within  the  engine  are  considered. 

The  Inclusion  of  an  analysis  of  temperature  and  pressure  non-uniformities  can  be  a valu- 
able help  for  local  fault  isolation,  as  already  mentioned  by  Fuhs  /3/.  The  detection  of 
such  faults  at  their  beginning  is  certainly  a matter  of  great  importance,  because  the 
danger  of  subsequent  damages  - e.g.  caused  by  local  overheating  - is  very  great  and  may 
cause  an  engine  shutdown. 


3. 


EXPERIMENTAL  INVESTIGATIONS  AND  RESULTS 


In  order  to  examine  the  effect  of  local  faults  on  flow  and  performance  of  a turbine  en- 
gine, defects  were  implanted  in  the  area  of  combustion  chamber  and  turbine.  The  investi- 
gations were  carried  out  with  the  single  spool  turbojet  engine  ATAR  101  F2  on  the  institu- 
te's test  bed.  This  ATAR  engine  has  a 7-stage  axial  compressor,  an  annular  combustion 
chamber  with  20  duplex  burners  and  a 1-stage  turbine. 

At  compressor  exit  there  are  1*4  total  pressure/total  temperature  probes  and  static  pres- 
sure holes.  At  turbine  exit,  just  behind  the  rotor,  8 combination  probes  with  3 radial 
measuring  points  for  total  pressure  and  total  temperature  were  installed  (Fig.  1 ) and 
wall  holes  for  measurement  of  static  pressure  were  made.  By  revolving  the  turbine  exit 
casing  it  was  possible  to  measure  the  thermodynamic  parameters  of  turbine  exit  flow  at 
2^  different  circumferential  points.  For  test  data  recording  and  processing  the  test 
bed  is  working  on-line  with  a computer. 

The  test  data  "with  fault"  were  corrected  and  related  to  the  data  "without  fault"  with 
the  same  corrected  engine  speed  and  the  same  exhaust  nozzle  position,  e.g.: 


tltc 


100  % 


3.1  Plugged  Fuel  Nozzles 

For  the  simulation  of  an  unequal  burning  in  the  combustion  chamber  six  fuel  nozzles  were 
supplied  with  magnetic  valves,  so  that  the  fuel  flow  leading  to  these  six  nozzles  could 
be  interrupted. 

Fig.  2 shows  the  effect  of  "plugged  fuel  nozzles"  on  the  temperature  distribution  at 
turbine  exit  at  90%  corrected  engine  speed  and  open  exhaust  nozzle.  The  changes  in  total 
turbine  discharge  temperature  are  plotted  against  the  circumferential  angle.  The  number 
of  fuel  nozzles  which  are  shut  off  is  10%,  20%  and  30%  of  total  fuel  nozzle  number.  Al- 
ready if  10%  of  the  burners  are  plugged  up  a marked  non-uniformity  in  temperature  can  be 
observed . 

Due  to  the  considerable  increase  of  fuel  flow  and  together  with  the  increase  of  fuel 
pressure  in  the  operating  burners  - if  some  fuel  nozzles  are  shut  off  - the  temperature 
profil  in  the  undisturbed  sector  of  the  combustion  chamber  changes  too.  So  there  are 
also  some  temperature  non-uniformities  in  the  undisturbed  sector  at  turbine  exit  in  case 
of  great  faults,  e.g.  50%  of  fuel  nozzles  shut  off. 

When  correlating  the  position  of  the  faults  at  turbine  inlet  and  the  temperature  or 
pressure  non-uniformities  at  turbine  outlet,  one  must  keep  in  mind  that  there  is  a dis- 
placement of  the  flow  in  the  turbine  of  about  20  degrees  in  the  direction  of  rotation. 

The  changes  in  total  pressure  distribution  at  turbine  exit  caused  by  plugged  fuel  nozzles 
are  plotted  in  Fig.  3-  The  asymmetry  of  the  curves  is  typical  of  this  kind  of  disturbance. 
This  asymmetric  of  pressure  is  caused  by  the  interactions  of  the  distorted  ("cold")  and 
the  undistorted  ("hot")  flow  in  the  turbine  stage.  As  the  velocity  vector  diagrams  and 
the  simplified  streamlines  in  Fig.  *4  qualitatively  show,  there  is  a decrease  in  absolute 
flow  angle  at  turbine  exit,  due  to  the  lower  velocity  level  of  the  "cold"  flow  down- 
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stream  of  the  fault.  Therefore  in  the  marginal  zones  of  the  distorted  flow  there  is  in 
direction  of  rotation  a decrease  at  first  and  then  an  increase  of  throttling  of  the  tur- 
bine. This  effect  is  confirmed  in  Fig.  5 by  the  changes  in  static  pressure  distribution 
at  turbine  exit. 

It  is  remarkable,  that  the  nature  of  the  noted  non-uniformities  of  turbine  discharge 
pressure  and  temperature  are  not  dependent  from  the  extent  of  the  fault. 

Non-uniformities  of  compressor  discharge  pressure  and  thus  an  unequal  throttling  of  the 
compressor  in  circumferential  direction  could  not  be  registered.  By  the  compensating 
effect  of  the  annular  combustion  chamber  the  fault  does  not  influence  the  engine  compo- 
nents upstream. 

As  a result  of  plugged  fuel  nozzles  the  fuel  injection  pressure  increases.  According  to 
the  laws  of  incompressible  flow  the  fuel  flow  is  proportional  to  the  pressure  differen- 
tial at  the  fuel  nozzle: 


*F  ^(Pp  ■ Pt2^  ■ '’P  ' 

In  Fi^.  6 the  difference  of  the  injection  pressure  and  compressor  discharge  total  pres- 
sure IS  plotted  against  the  fuel  flow.  One  can  see  that  also  in  case  of  great  faults 
-30%  of  the  fuel  nozzles  are  shut  off  - there  is  a clear  linear  relation.  The  data 
"without  fault"  were  taken  during  a longer  test  period  considering  the  different  densi- 
ties of  fuel. 

Thus  the  fuel  injection  pressure  coefficient  \y  (Pp-p^25pp  used  for  detecting 

such  defects  in  the  fuel  system,  which  cause  an  increase  or  a decrease  of  flow  resi- 
stance downstream  of  the  fuel  pressure  measuring  point.  Furthermore  leakages  in  the 
fuel  system  can  be  detected  by  monitoring  this  parameter. 

Consequently  an  exact  Isolation  of  the  fault  "plugged  fuel  nozzles"  is  possible  with  the 
help  of  the  analysis  of  temperature  and  pressure  non-uniformities  at  turbine  exit  and 
the  help  of  the  fuel  injection  pressure  coefficient. 

3.2  Turbine  Guide  Vane  Damage 

For  the  investigation  of  the  effect  of  a turbine  guide  vane  damage  on  the  flow  conditions 
upstream  and  downstream  of  the  fault,  3 of  the  29  nozzle  guide  vanes  were  removed.  Fig.  7 
illustrates  the  extent  of  the  implanted  fault. 

The  measured  effects  of  this  fault  on  the  thermodynamic  parameters  at  turbine  exit  are 
demonstrated  in  Fi^.  8 for  one  engine  operating  point.  In  the  undisturbed  sector  an  in- 
crease of  the  turbine  discharge  temperature  by  8%  can  be  registered  although  the  total 
pressure  in  this  area  remains  unchanged.  Due  to  the  lower  flow  deflection  - lower  work 
of  expansion  - in  the  disturbed  sector  of  the  turbine,  there  is  a remarkable  increase 
of  the  total  temperature  (3'<%)  and  the  total  pressure  (19%). 

In  contrast  to  the  "cold"  flow  by  plugged  fuel  nozzles  the  distorted  flow  due  to  a tur- 
bine guide  vane  damage  has  a higher  velocity  level  than  the  undistorted  flow.  With  tha 
same  engine  speed  the  flow  angle  in  the  disturbed  sector  at  turbine  exit  becomes  greater, 
so  that  the  interactions  of  the  distorted  and  the  undistorted  flow  are  contrary  to  those 
demonstrated  in  Fig.  4.  Therefore  the  static  pressure  curve  in  Fig.  8 first  rises  and  than 
falls  in  direction  of  rotation.  In  the  zone  at  about  90  deg.  circumferential  angle, 
downstream  of  the  first  guide  vane  at  the  side  of  the  "hole"  (missing  3 vanes),  the 
unguided  flow  along  the  suction  side  of  this  blade  will  be  separated  for  the  .-nost  part 
and  cause  high  flow  losses.  Therefore  the  effects  of  flow  with  low  velocity  on  the  adja- 
cent flow  with  high  velocity  in  this  zone  are  superposed  on  the  interactions  mentioned 
above.  Thus  at  about  90  deg.  in  Fig.  8 the  static  pressure  rises  again  after  the  marked 
decrease  of  pressure. 

Moreover  one  can  see,  that  due  to  the  interactions  of  the  distorted  and  the  undistorted 
flow  the  circumferential  extent  of  the  flow  non-uniformities  is  greater  than  that  of  the 
fault . 

As  in  case  of  the  plugged  fuel  nozzles,  non-uniformities  in  the  compressor  discharge 
pressure  also  could  not  be  observed  in  case  of  the  turbine  fault  and  there  was  no 
influence  on  the  compressor  operating  point  too. 

The  different  colouring  of  the  turbine  stator  between  bucket  ring  and  turbine  shaft 
(Fig.  7)  indicates  that  in  the  area  of  the  fault  hot  gas  was  streaming  between  stator 
and  rotor  disc.  This  is  illustrated  in  Fig.  9 and  is  due  to  the  smaller  spin  of  the 
distorted  flow  at  stator  exit.  A decrease  in  spin  correlates  with  a change  in  radial 
pressure  distribution,  so  that  there  is  an  increase  of  static  pressure  at  the  hub. 

When  within  multi-stage  turbines  the  primary  fault  remains  undetected,  the  mentioned 
local  overtemperature  at  the  exit  of  the  frist  turbine  stage  can  lead  to  subsequent 
damages  at  the  nozzle  guide  vanes  of  the  following  stage. 

The  measured  values  of  total  temperature  and  total  pressure  plotted  in  Fig.  2,  5 and  8 
are  average  values  of  3 radially  distributed  measuring  points.  Fig.  10  shows  the  total 
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temperature  changes  and  Fig.  11  shows  the  total  pressure  changes  at  77?,  50%  and  23%  of 
the  blade  height. From  the  qualitative  viewpoint  the  curves  at  the  various  radiuses  do  not 
differ  significantly.  Only  the  quantitative  parameter  changes  in  the  distorted  sector  are 
a little  greater  at  77%  blade  height. As  for  the  fault  "plugged  fuel  nozzles"  the  influence 
of  the  radial  position  of  the  probes  on  the  noted  parameter  changes  at  turbine  exit  is 
negligible.  So,  for  the  detection  of  the  characteristic  non-uniformities  caused  by  a fault 
the  measuring  of  the  circumferential  distributions  of  turbine  discharge  total  temperature 
and  total  pressure  at  one  radius  suffices. 

5.3  Turbine  Rotor  Blade  Damage 

For  simulating  a turbine  rotor  blade  damage  the  trailing  edges  of  5 blades  and  opposite 
to  them  of  6 blades  were  partly  out  off.  Fig.  12  illustrates  one  part  of  the  implanted 
fault . 

The  result  of  the  investigations  was,  that  due  to  this  damage  at  the  same  corrected  en- 
gine speed  and  the  same  exhaust  nozzle  position  there  is  an  increase  of  fuel  consumption 
of  about  2%  and  an  increase  of  thrust  of  about  1,5%.  The  measured  changes  of  temperature 
and  pressure  at  com.pressor  exit  and  at  turbine  exit  were  smaller  than  1%  and  thus  they 
were  within  the  accuracy  of  measurement. 

The  influence  of  the  turbine  rotor  fault  on  the  acceleration  behaviour  of  the  engine  was 
much  greater.  Fig.  13  shows  the  effect  of  the  fault  on  the  acceleration  behaviour  at  part 
load.  For  a step  change  of  throttle  lever  position  with  low  overfuelling  the  increase  of 
acceleration  time  is  about  6 seconds.  A further  result:  for  a certain  engine  speed  change 
the  difference  of  acceleration  time  due  to  the  fault  becomes  greater,  when  the  overfuel- 
ling allowed  by  the  fuel  control  unit  becomes  lower. 

4.  CONCLUSIONS 

Fig.  14  gives  a summary  of  the  changes  of  parameters  caused  by  the  studied  faults:  tur- 
bine guide  vane  damage  and  plugged  fuel  nozzles. 

As  expected,  one  of  the  most  important  parameters  for  engine  condition  monitoring  is  the 
fuel  consumption.  The  fuel  injection  pressure  coefficient,  which  is  independent  of  the 
engine  operating  point,  gives  very  important  information  about  the  state  of  fuel  system 
and  fuel  nozzles.  Also  the  thrust  is  of  great  importance  for  diagnostics,  but  only  if 
measured  directly. 

Fig.  14  also  shows  the  changes  of  the  parameters:  total  temperature,  total  pressure  and 
static  pressure  at  turbine  exit  and  compressor  discharge  pressure,  all  circumferentially 
averaged.  Furthermore  it  is  illustrated  that  the  local  changes  of  these  parameters  in  the 
area  of  flow  non-uniformities  created  by  faults  are  considerably  greater  compared  with 
the  averaged  parameters.  The  example  "plugged  fuel  nozzles"  demonstrates  very  clearly, 
that  an  Isolation  of  this  fault  is  only  possible  with  the  help  of  the  analysis  of  flow 
non-uniformities . 

Summarizing  one  can  say  that  the  inclusion  of  the  analysis  of  non-uniformities  into  en- 
gine diagnostics  makes  the  isolation  of  local  faults  in  the  hot  section  of  turbojet  en- 
gines much  more  promising.  When  using  this  technique,  total  temperature  and  total  pres- 
sure are  of  great  importance  for  fault  detection,  whereas  the  static  pressure  is  on^y  of 
secondary  importance. 

Of  course  it  should  not  be  unmentioned,  that  for  the  isolation  of  little  faults  a great 
number  of  circumferential  measuring  points  is  necessary.  Although  there  is  a problem  of 
probe  quantity,  problems  of  measurement  are  facilitated  by  the  fact  that  nature  and  po- 
sition of  the  non-uniformities  are  of  primary  significance,  while  the  quantitative  para- 
meter changes  are  only  of  secondary  significance. 

For  the  detection  of  temperature  non-uniformities  for  example,  it  suffices  to  measure  the 
local  temperature  changes  in  relation  to  the  circumferentially  averaged  temperature.  Thus, 
in  order  to  detect  faults,  the  use  of  baseline  data  (data  of  the  "health"  engine)  for  the 
relation  are  not  necessary. 
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Pig.  10:  Changes  in  total  turbine 
discharge  temperature 
at  different  blade 
heights,  "Turbine  Guide 
Vane  Damage" 


Fig.  11:  Changes  in  total  tur- 
bine discharge  pressure 
at  different  blade 
heights,  "Turbine  Guide 
Vane  Damage" 
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DISCUSSION 


H.I.H.Suruvauamuttuu 

I an)  somewhat  surprised  that  removal  ot  three  out  of  noz/le  guide  vanes  did  not  show'  any  difference  in  the 
compressor  operating  point.  Ihe  ettect  ot  decreasing  the  blockage  on  the  compressor  would  be  expected  to  lead 
to  a drop  ill  compressor  delivery  pressure  at  a tixed  compressor  speed.  It  is  possible  that  some  compensation  of 
this  may  come  from  an  increase  in  turbine  temperature. 

It  is  noted  however,  that  the  tests  were  carried  out  at  ^O'a  compressor  speed.  Could  the  author  please  indicate 
the  7c  thrust  at  this  speed,  and  also  the  compressor  pressure  ratio  at  both  90  and  100'?  speed.  The  effects  on 
compressor  operating  point  are  likely  to  be  considerably  greater  at  max  speed. 

It  is  agreed  that  circumterential  variations  ol  turbine  temperature  are  a good  indication  of  combustion  distress, 
and  this  is  used  on  some  gas  turbines  in  gas  pipeline  service. 

Author's  Reply 

The  investigations  were  carried  out  at  727c,  84'^,  90'/? .and  96',?  corrected  engine  speed  for  different  exhaust 
no/./.le  positions.  At  no  operating  point  a decrease  in  compressor  pressure  ratio  due  to  the  fault  could  be 
observed.  There  was  even  an  increase  in  pressure  ratio  of  about  1 7c  at  high  speed  and  closed  exhaust  noz/.le. 

This  elfect  is  caused  by  the  increase  in  turbine  inlet  temperature  in  order  to  compensate  the  loss  of  turbine 
pertorniance  due  to  the  damage  and  due  to  the  drop  in  turbine  pressure  ratio  caused  by  the  higher  temperature 
level  at  turbine  exit  at  constant  mass  How  and  exhaust  no/./le  area.  ITirthemiore  the  change  of  the  effective 
aerodynamic  area  is  somewhat  smaller  than  the  change  of  the  geometric  area  by  the  removal  of  3 nozzle  guide 

vanes.  That  is  because  the  undistorted  tlow  at  turbine  stator  exit  influences  the  How  in  the  disturbed  sector.  ' 

Therefore  at  100'?  engine  speed  not  a drop  but  probably  a small  increase  in  compressor  discharge  pressure  will 
be  observed.  At  90'?  speed  the  thrust  is  70'?  and  the  compressor  pressure  ratio  is  80'/?  compared  with  100'-? 
speed  and  for  the  same  exhaust  nozzle  area. 
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METHODS  OF  IMPROVING  THE  PERFORMANCE  RELIABILITY 
OF  ADVANCED  MILITARY  POWER  PLANT  SYSTEMS 

Ri  chord  Smyth 
VFW-Fokker  GmbH 
Propulsion  Physics 
D 2800  Bremen 
Germony 


SUMMARY 

Advanced  military  propulsion  systems  will  be  equipped  with  multi-parameter  control  systems  based  around  an  electro- 
nic computer  making  use  of  digital  technology.  Such  control  systems  have  a high  degree  of  flexibility  ond  can  be 
used  for  a wide  range  of  applications.  This  offers  new  possibilities  of  efficient  and  accurate  monitoring  of  engine 
performance  in  the  aircraft  and  by  the  flight  support  organisation  responsable  for  reliability  and  safety  of  the  pro- 
pulsion system.  The  possibilities  will  be  discussed  based  on  the  experience  gained  with  a multi-parameter  electronic 
engine  controller  of  a V/STOL  fighter  aircraft.  Special  consideration  will  be  given  to  practical  aspects  such  as 
handling  procedures. 


LIST  OF  SYMBOLS 


CAS 

calibrated  airspeed 

kts 

^3 

total  pressure  at  exit  of  HP  compressor 

CBV 

control-bleed  valve 

U 

ambient  temperature  °C 

EGT 

turbine  exit  temperature  *^C 

T 

total  temperature 

FF 

fuel  flow  Ib/h 

T. 

1 

total  temperature  at  compressor  face 

IGV 

inlet  guide  vane 

T 

X 

total  temperature  fan  exit 

00 

flight  mach  number 

TAS 

true  airspeed  kts 

N 

force,  thrust  Newton 

Voo 

flight  speed  (indicated)  kts 

N 

lift  engine  speed 

% RPM 

n 

N2/(N2  ot 

speed  of  LP-shaft 

% RPM 

cr 

swivell-nozzle  deflection  angle  ° 

speed  of  HP-shaft 

% RPM 

fuel  flow  / fuel  flow  at  N^/^T^-limii 

P® 

ambient  pressure 

mb 

* 'dd 

parameter  at  datum-down  position 

P 

total  pressure 

4- 

action  of  pilot's  power  lever 

Pi 

total  pressure  at  compressor  face 

1.  INTRODUCTION 

The  effectiveness  of  modem  military  aircraft  with  respect  to  performance  capability  and  maximum  usage  depends 
upon  the  performance  reliability  of  the  installed  power  plant  system.  Tbis  demands  not  only  optimum  performance 
of  the  propulsion  system  but  also  a high  degree  of  repeatability  and  the  implementation  of  practical  methods 
for  monitoring  performance  based  on  overall  condition  of  the  engine  and  associated  systems.  These  aspects  also 
influence  flight  safety  and  total  life  cycle  cost.  Fig.  1 summorlses  these  interconnections. 

Performonce  here  refers  to  the  overall  characteristics  of  the  Installed  engine  which  is  o result  of  actual  in- 
stalled engine  characteristics  and  control  system  action  under  given  or  expected  environmentol  conditions.  Prime 
performance  choracteristics  for  a given  installation  are  thrust,  fuel  consumption,  transient  behaviour  and  hand- 
ling charocteristics.  Classical  steady  state  performance  alone  is  not  sufficient  for  practical  considerations. 

Prediction  of  installed  propulsion  system  performance  also  ploys  an  important  role  in  pre-flight  activities  from 
flight  planning  up  to  the  engine  check  immediately  before  toke  off.  High  performance  reliability  is  demanded 
for  V/STOL  operotions,  because  small  percentages  in  take-off  thrust  hove  a much  larger  effect  on  flight  per- 
formance than  for  conventionol  oircraft.  These  smoll  differences  can  mean  lift-off  or  not  for  vertical  take-off 
with  maximum  payload.  Similar  requirements  opply  for  manoueverlng  in  V/STOL  operations  and  for  transition  to 
wing-bome  flight. 

Fig.  2 shows  the  moin  foctors  determining  installed  engine  performance.  For  a given  set  of  engine  characteris- 
tics, i.  e.  intemol  condition  of  the  engine,  performance  Is  determined  by  the  action  of  the  control  system  re- 
sponding to  environmental  conditions  and  pilot's  commands.  There  are  two  loops  controlling  the  engine,  the 
Pilot/^ngine  Loop  and  the  Control  System  Loop. Under  limiting  conditions,  e.  g.  EGT  control,  the  Control 
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System  Loop  overrides  the  Pilot/Engine  Loop.  This  schematic  diagramm  showing  the  main  sources  of  influence 
to  installed  performance  ist  the  basis  for  further  discussions  and  will  be  referred  to  as  the  installed  Performance 
Model.  Special  attention  will  be  paid  to  the  control  system  and  how  it  can  be  used  for  performance  moni- 
toring. 
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Factors  Determining  Installed  Engine  Performance 
(irxstallcd  Performar^cc  Model) 


The  charocteristics  of  the  engine  limiter  in  the  Control  System  Loop  play  an  Important  role  in  the  steady  state 
and  dynamic  working  point  of  the  installed  engine.  Modem  military  engines  may  have  up  to  5 or  6 limiting 
parameters.  Performonce  characteristics  as  o result  of  automatic  EGT-limiter  action  is  shown.  For  a constont 
EGT-limiter  setting  changes  in  the  EGT/^PM  relationship  led  to  chonges  in  maximum  RPM  and  thus  to  changes 
in  performonce  output,  i.  e.  moximum  thrust.  There  are  several  reasons  for  changes  in  the  EGT/1?PM  relation- 
ship. Hot  running  of  on  engine  can  be  due  to  failure  of  a starting  bleed  valve  to  close.  This  can  lead  to  a 
reduction  of  take-off  thrust  on  a hot  day  in  the  order  of  5 % for  a non'ofter-buming  military  byposs-engine 
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with  bypass-ration  1 : 1.  In  V/STOL  operation  using  5 % exess  thrust  for  lift-off  this  definitely  neons  no 
lift-off.  Maximum  performance  ot  other  engine  limiting  parameters  and  transient  behaviour  may  have  different 
reasons  for  deviating  from  the  normolly  expected  characteristics  but  will  all  lead  to  changes  in  the  engine 
running  point  with  a corresponding  change  in  performance.  Fig.  3 shows  the  variation  of  HP  RPM  with  In- 
creasing forward  speed  of  the  some  engine  at  Nl//l^-control . Tx  is  the  fon  exit  total  temperature  measured 
with  a single  probe  and  experiences  greater  changes  with  increasing  forward  speed  that  the  normal  inlet  total 
pressure  due  to  a change  in  inlet  distortion  pattern  with  increasing  forword  speed.  Repeatability  of  controller 
characteristics,  especially  with  present  day  electronic  systems,  has  also  to  be  frequently  monitored. 


Fig.  3 Variation  of  HP  RPM  with  forward  Speed 

at 


Besides  obtaining  the  control  system  characteristics  integrity  of  the  propulsion  system  must  be  checked  to  be 
aware  of  any  internal  changes  due  to  component  change,  FOD  or  excessive  deterioration  which  can  cause  con- 
siderable changes  to  the  basic  engine  characteristics  causing  criticol  voriotions  .of  installed  performance  such  as 

o thrust 

o fuel  consumption 
o handling  qualities. 

This  requires  appropriate  engine  condition  monitoring. 

Methods  for  obtaining  moximum  performance  reliability  must  therefore  be  built  oround  the  following  tasks: 


o Determine  the  engine  control  system  characteristics 
in  the  installed  condition,  i.  e.  in  the  aircraft 
with  all  connections  fitted 
o Monitor  engine  condition 

Experience  goined  with  current  analog-electronic  control  systems  show  that  once  the  characteristics  hove  been 
checked  the  control  system  can  be  used  as  a tool  for  quick  condition  monitoring  before  flight.  The  degree  ond 


accuracy  of  condition  monitoring  actually  possible  will  depered  upon  the  logic  built  into  the  control  system, 
the  ronge  of  flexibility  available  and  implementation.  As  shown  in  fig.  4 future  military  power  plant  systems 
will  hove  more  variables  but  will  also  be  equipped  with  odvanced  technology  control  systems. 

An  efficient  methodology  for  future  applications  must  therefore  make  the  best  use  of  practical  experience 
gained  with  today's  military  propulsion  systems  in  order  to  identify  criticol  areas  and  take  full  advantage  of 
future  technological  copabilities  such  as  digital  electronic  control  systems.  This  approach  is  the  subject  of  this 
paper. 

A method  will  be  discussed  based  on  lessons  leorned  in  specific  practical  applications  and  the  possibilities  of 
expected  technol.>gy  in  future  applications.  The  basic  method  was  used  during  flight  testing  of  o V/STOL 
fighter-type  aircraft  with  a Lift  plus  Lift/Cruise  pupulsion  system  integrated  with  the  airframe.  The  aircraft  is 
shown  in  fig.  5.  Attention  will  be  paid  to  the  main  engine  system  which  was  used  for  oH  V/STOL  and  con- 
ventionol  flight  modes.  Lift  engines  were  used  additionally  for  V/STOL  modes.  The  engine  control  system  was 
of  the  hybrid  type. 
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Experience  gained  here  shows  that  technology  advances  correctly  applied  can  significantly  improve  the  effici- 
ency of  performance  monitoring  and  thus  enhance  the  reliability  of  future  propulsion  systems.  This  is  of  special 
Interest  to  future  V/STOL  aircraft,  which  will  have  very  high  reliability  standards.  An  outline  will  be  given 
of  future  possibilities  bosed  on  control  systems  expected  with  the  next  generation  of  military  engines.  These 
control  systems  will  be  digital  electronic  making  extensive  use  of  solid-state  electronics  and  large-scale  Inte- 
gration (LSI).  Component  testing  Is  already  being  done  with  very  promising  results. 

For  most  propulsion  engineers  the  word  "electronics"  is  still  a "taboo".  This  is  mainly  due  to  the  "bad"  repu- 
tation of  electronics  in  the  first  attempts  towards  automatic  condition  monitoring  and  electrical  engine  control. 
The  standard  of  electronics  used  at  that  time  was  not  only  found  to  be  costly  but  also  less  reliable  thou  the 
system  they  were  supposed  to  be  monitoring.  Modem  electronics  based  on  solid-state  technology  and  LSI  offer 
fully  new  dimensions  of  performance  capability,  reliability  and  weight,  cost  and  size  savings.  Basic  technology 
is  proven  and  will  be  making  further  advances,  e.  g.  very  large  scale  integration,  to  further  reduce  the 
number  of  parts  and  thereby  enhance  reliability.  The  latest  pocket  calculator  models  ore  the  most  common  in- 
dicators of  the  rapid  progress.  This  standard  of  electronics  technology  must  not  be  confused  with  the  standard 
used  which  led  to  the  "bad"  reputation  of  electronics  in  engines.  Propulsion  engineers  are  getting  a new  tool 
in  their  hands  to  Improve  the  Integration  of  engine  and  airframe.  It  is  up  to  them  to  make  the  best  use  of  It. 


2.  PRACTICAL  EXPERIENCE 

2.1  Description  of  Aircraft  and  Propulsion  System 

The  aircraft  Is  a V/STOL  strike  and  reconnaissance  aircraft  with  a Lift  plus  Lift/Cruise  propulsion  system  com- 
prising a main  engine  at  the  centre  of  the  fuselage  and  two  lift  engines,  one  in  front  and  the  other  behind 
the  main  engine  as  shown  in  Fig.  6. 

The  lift  engines  are  ultra-light  weight  turbojets  Installed  at  an  Inclination  of  12.5°  to  the  vertical  and  have 
exit  doors  which  can  be  used  as  thrust  deflection.  They  are  shut  down  in  conventirmal  flight. 

The  main  engine  is  a twin-spool  turbofdn  with  a pair  of  nozzles  each  for  bypass  and  hot-nozzle  flow.  Both 
nozzle  pairs  are  actuated  together  over  a single  air-motor  using  high-pressure  bleed  air.  Nozzles  can  be 
swivelled  from  5 to  100  from  the  horizontal  for  thrust  vectoring.  100°  nozzle  angle  brings  a reverse  thrust 
component.  This  engine  thus  produces  thrust  for  VTOL  and  conventional  flight.  With  all  three  engines  running 
at  take-off  power  the  thrust  split  between  main  engine  and  lift  engines  ist  about  1:1.  Thrust  moments  of  oil 
nozzles  about  the  aircraft  C.  G.  ore  balanced. 


For  attitude  stabilisation  and  manoeuvering  in  jetbome  Flight  all  engines  a capable  of  producing  high  amounts 
of  compressor  exit  bleed.  There  are  no  interconnections  between  the  Individual  bleed  systems  of  each  engine. 
Both  lift  engines  supply  bleed  to  all  three  axes.  In  cases  of  higher  control  moment  demands  the  main  engine 
bleed  system  in  activlted.  The  main  engine  supplies  all  three  axes  with  separate  piping  and  control  nozzles. 
The  lift  engines  produce  a continuous  bleed  of  8 % ond  in  the  reor  installation  intermittent  bleed  up  to 
13  %.  The  moin  engine  can  also  deliver  intermittent  high  pressure  bleed  up  to  16  % of  the  gas  generator  mass 
flow.  The  bleed  systems  of  all  engines  ore  shown  In  figs.  7 and  8. 
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Th«  main  engine  has  a translafing  cowl  intake  system  which  opens  an  auxiliary  side-inlet  to  improve  pressure 
recwery  during  V/STOL  flight  operations.  The  inlet  and  outlet  doors  of  the  lift  engines  are  closed  after  lift 
engine  shot  down  in  transition  to  conventional  flight  and  open  again  for  lift  engine  light-up  to  faciliate 
vertical  landing.  Inlet  and  outlet  doors  ore  shown  in  fig.  9. 
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Intake  and  Outlets  of  Propulsion  Systan 


Design  of  fhe  aircraft  was  for  the  following  main  mission: 

o vertical  lift  off 

o low  level  flight  at  high  subsonic  speeds  (Mjj  ^0.9) 
o vertical  landing 

Extensive  flight  testing  has  been  conducted  under  both  jetborne  and  aerodynamic  fligh  conditions.  This  included 
lift  engine  shut  down  and  relight  at  forward  speeds  up  to  250  kts. 

Starting  of  lift  engines  on  the  ground  is  with  bleedair  from  the  main  engine.  Inflight  relighting  is  possible  both 
by  windmilling  or  with  main  engine  bleed  assisstance. 


Moin  Engine  Control  System 

The  main  engine  has  a hybrid  control  system  consisting  of  o hydro-mechanical  unit  for  Isochronous  control  of 
HP-RPM  N2  and  transient  laws  and  on  analog  electronic  unit  for  supervisory  control  of  the  following  limiting 
parameters; 

o Lp  speed 

o corrected  LP  speed  T^ 

o EGT  for  V/STOL  and  conventional  modes. 

The  analog  electronic  unit  also  called  the  "Amplifier"  has  the  provision  of  special  datum-down  functions  for 
the  above  parameters  and  con  be  activated  from  the  cockpit.  Figs.  10  and  11  show  the  schematic  desi^  of 
the  total  control  system  and  the  main  influence  parameters. 

The  pilots  power  lever  commands  N2.  The  minimum  stop  corresponds  to  Idle  speed  and  the  maximum  stop  the 
maximum  peimissible  speed  N2  max..  The  amplifier  always  comes  into  action  when  any  one  of  the  limits  is 
exceeded.  Unter  these  conditions  the  amplifier  has  higher  authority  than  the  hydro  mechanical  system  and 
automatically  trims  down  fuel  flow  to  keep  the  engine  at  the  limit  concerned  even  though  the  pilot  is  de- 
manding a higher  RPM.  Typical  action  of  the  amplifier  at  two  limits  and  a datum-down  condition  is  shown  in 
fig.  12.  During  flight  testing  there  was  the  possibility  of  oberving  the  output  current  of  the  amplifier.  This 
was  proportional  to  the  fuel  being  trimmed  off.  Action  of  the  ampHRer  was  very  rapid. 

The  amplifier  itself  is  a small  metal  box  mounted  on  the  front  engine  casing.  Presetting  of  the  amplifier  can 
be  done  in  the  hangar  within  less  then  half  a days  werk  including  remeval  and  reinstallatlan. 
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Fig,  10  Main  Engina  Hybrid  Control  Syataa 


Fig.  11  Schonatic  Layout  aund  Influanca  Paraaatera 


For  engina  control  in  the  cockpit  the  pilot  hot  the  following  inttruments: 

o Inlet  temperature 
o LP  speed 
o HP  Speed  N2 
o EGT 
o Fuel  Flow 
o Nozzle  angle 
o Inlet  position  (closed/open) 

o Operational  mode  (V/STOL  or  Conventional) 

This  is  defined  by  the  position  of  the  control  bleed  valve,  ! 

open  or  closed 





Ground  Toot 


2790  I bo/hr 


i or  Oporoting  Choroctcr i ot i co 


Perfonnance  Monitoring 


Optimum  flight  totting  demands  maximum  availability  of  the  aircraft  for  flight  with  o minimum  of  limitations. 

A further  requirement  for  this  aircraft  demanded  a high  standard  of  reliability  for  perfonnonce  predictions, 
especially  with  respect  to  maximum  take-off  thrust.  This  directly  addressed  the  interaction  of  control  system  and 
engine  characteristics  os  already  shown  in  the  Installed  Perfonnance  Model.  Thus  an  efficient  method  of  per- 
formance and  condition  monitoring  had  to  be  adopted  which  give  quick  results  and  could  be  applied  for  decision 
making  during  preflight  checks  and  in  flight  itself.  This  required  best  usage  of  data  and  technological  aids 
available. 

A further  objective  was  to  keep  pilot  wotkload  as  low  os  possible,  especially  during  jetborne  operations. 

The  method  employed  for  the  main  engine  was  integrated  into  the  functional  check  of  the  analog  electronic 
control  system.  This  will  be  the  basis  of  further  discussions  in  this  paper. 
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Performance  moniforing  of  the  lift  engine  is  a special  topic  and  will  not  be  discussed  here.  It  must  however  be 
mentioned  that  there  is  a similarity  between  light-up  characteristics  during  relight  in  flight  ond  afterburner 
light-u^  on  conventional  prepulsion  systems  for  military  aircraft. 

The  method  adopted  was  an  integration  of  main  engineering  support  activities  into  the  control  system  check 
which  was  an  important  port  of  the  preflight  check  out  procedure  of  the  main  engine  system.  The  procedure 
consisted  of  checking  the  individuol  amplifier  limits  in  the  datum  down  condition  by  o series  of  accelerations 
from  stabilised  85  % N2  and  final  acceleration  to  obtain  an  indication  of  the  days  limit.  The  purpose  was  to 
make  sure  that  the  individual  electrical  circuits  corresponding  to  each  limit  was  working  in  order  to  ensure 
automatic  protectirxi  of  the  engine.  Although  only  one  limit  would  apply  for  take  off  power  it  was  necessary 
to  check  the  other  limits  because  flight  conditions  and  automatic  control  mode  change  during  transition  from 
VTOL  to  conventional  flight  can  bring  the  engine  up  to  at  last  three  of  the  four  amplifier  limits.  This  is 
demonstrated  in  fig.  13. 


The  method  used  was  based  on  the  following  facts  and  Is  schematically  discribed  in  fig,  14. 

o the  amplifier  was  automatically  holding  a systematic 
set  of  stabilised  conditions  which  could  build  the 
basic  of  data  for  quick  and  also  long  term  condition 
monitoring.  There  is  no  increase  in  pilot  workload 
because  this  is  part  of  a preflight  procedure 

o once  reliability  has  been  established  of  the  relatiortship 
between  normal  and  datum  down  conditions  of  the 
limits  engine  cycling  con  be  minimised  by  only  per- 
forming the  datum-down  checks,  or  at  least  the  checks 
only  for  the  limits  expected  and  extrapolating  the 
results  to  predict  maximum  performance  at  normal 
limiting  conditions.  This  procedure  described  in  fig.  15 
saves  engine  cyclic  life,  precheck  time  and  fuel. 


r 


1 
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Predicting  of  normal  maximum  performance  by  this 
method  must  be  accompanied  by  a check  of  engine 
condition  to  ensure  integrity  of  the  propulsion  system. 

Data  for  the  condition  check  is  available  at  the  datum 
down  points  and  from  the  following  characteristics  of 
the  engine 

- note  maximum  EGT  ot  engine  start 

- observe  sudden  drop  in  EGT  as  starting  bleed  valve 
closes  at  RPM  peculiar  for  engine  type.  An  open 
bleed  valve  leads  to  a hot  running  engine 

- note  idle  conditions 

• check  position  of  control  bleed  valve 

o a small  portable  programmable  computer  was  available 
for  quick  calculations.  Some  modem  commercial  aircraft 
already  have  facilities  of  this  sort  called  Thrust  Rating 
Computers.  These  are  doing  very  good  work  in  the 
cockpit. 

o in  this  particular  case  there  were  test  engineers  available 
in  a ground  station  to  support  the  pilot.  This  is  useful 
at  the  initiation  of  a program  like  this.  In  this  way  it 
was  possible  to  manually  test  out  routives  which  can  be 
taken  over  by  future  advanced  engine  control  and 
monitoring  systems  as  will  be  discussed  later.  In  the  same 
sense  use  was  also  made  of  digital  data  generated  orr-line 
In  the  ground  station. 


f'’9-  16  Analysis  of  FusI  Flov  VS.  RPM  for 

Trans  i set  Psrforsisncs 


The  two  main  functions  of  the  hydromechanical  control  system  influencing  performance 

o isochronuous  control  law 
Nj  = f (throttle  angle) 

This  is  the  prime  control  low  of  the  main  engine. 
Monitoring  is  quite  simple  as  long  as  the  throttle 
ongle  is  measured  as  in  the  case  of  the  main  engine 
and  the  lift  engines  of  this  experimental  V/STCX 
fighter  type  aircraft. 


are; 


j 
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o transient  characteristics 

Fuel  flow  = f (N^,  other  cycle  parameters) 

Good  surge  free  accelerations  depend  upon  optimum  excess 
fuel  flow  characteristics.  Accurate  monitoring  of  these  laws 
is  not  possible  during  flight-line  operations.  For  quick  check 
purposes  it  is  only  possible  to  identify  an  excess  fuel  flow 
over  the  expected  value  for  the  finally  stabilised  conditions. 
Typical  acceleration  schedules  are  shown  in  fig.  16  for 
temperature  and  H\/J  Tx  control.  Thorough  understanding 
of  these  fuel  laws  are  necessary  for  efficient  performance 
monitoring  and  trouble  schooting. 

Current  experience  with  engine  installations  shows  that 
accuracy  of  fuel  flowmeters  is  not  reliable  enough  for 
occurote  monitoring  and  fault  diagnosis.  Improvements  are 
highly  desirable. 

One  of  the  main  other  "parameters"  influencing  the  excess 
fuel  flow  for  accelerations  is  the  HP  compressor  exit  pressure  P3. 


The  engine  parameters  used  for  checking  out  the  amplifier  and  simultaneously  doing  a quick  maximum  power 
and  condition  check  are 

N|,  Nj,  FF  and  EGT. 

Thes  four  parameters  are  also  displayed  in  the  cockpit.  N]  and  EGT  are  direct  control  parameters.  The  limiting 
values  can  easely  be  determind.  In  the  case  of  EGT  there  are  two  cases  defining  maximum  performance: 

1)  EGT  in  VTOL-mode 

2)  EGT  in  conventional-mode  which  is  lower  than  the  above. 

Ni//t^  is  a further  control  parameter  limiting  max.  RPM  on  cold  days.  This  has  no  direct  read  out  for 
checking  limiter  action.  Due  to  its  aerothermodynomic  connection  to  Ni//T)  the  N]  corresponding  to  this 
limit  is  a function  of  Tl . Additionally  all  4 limiting  parameters  have  Datum-Down  functions  which  is  simply  a 
reduction  of  the  limiting  values  by  a definite  amount.  The  Datum-Down  functions  were  not  used  as  ratings  in 
flight.  They  were  originally  planned  for  amplifier  check  out  purposes  only. 

The  "pilots"  main  engine  parameter  for  the  check-out  procedure  was  the  HP  speed  N2.  Additional  information 
provided  were  the  two  EGT  limits.  Fig.  17  showes  a typical  amplifier  performance  chart.  For  both  the  pilot 
and  the  flight  support  crew  this  type  of  graphical  representation  of  amplifier  and  engine  performance  at  defined 
ratings  was  very  useful  for  checking  repeatobility  of  engine  performance  and  amplifier  action.  The  same 
characteristics  were  also  programmed  into  the  portable  computer. 


Fig.  17 


Typical  Amplifier  Parformanca 
Chart  for  Inatallad  Engine 
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The  portable  computer  a Compucorp  326  Sclentest  with  a Compucorp  392  Cossette  unit  had  the  following  features; 


o weight 

o dimensions 
o battery  power 


7 lbs  Compucorp  326 
5 lbs  Compucorp  392 
both  14  X 23  X 5 cm 
7 V 1,3  Amp, 


o Programrrxible  up  to  160  steps  per  program 
o multiple  programs  can  be  stored  and  used 

sequentially  by  oddition  of  a cassette  reader, 
o simple  programming 


The  following  programs  were  standard  usage 

o characteristics  of  installed  engine  Nj , N^,  FF,  EGT,  P_ 
o amplifier  characteristics 
o thrust 

o toke-off  performance 

Running  time  of  the  above  programs  was  in  the  order  of  a few  minutes. 

During  flight  testing  on-line  digital  data  was  avoilable  in  the  ground  station  in  addition  to  cockpit  information 

from  the  pilots  instruments.  The  digital  data  was  used  for  detailed  post-flight  analysis  and  trouble  shooting.  Post 
flight  condition  monitoring  included  compressor  exit  pressures  and  temperatures  and  limit  exceedance  of  other 
engine  cycle  and  subsystem  parameters.  The  main  points  for  the  post-flight  trend  analysis  were  taken  from  the 
preflight  engine  check  with  the  control  system.  This  was  a source  of  systematic  data  under  definied  conditions 
of  amplifier  control  at  the  individual  limiting  parameters.  The  omplifier  was  very  efficient  In  keeping  at  least 
one  parameter  constant  for  obtoining  comparable  stabilised  conditions.  The  systematic  sets  of  data  were  entered 
into  the  amplifier  performance  chart  for  updating  and  comparison  with  past  results.  Consistency  of  the  data 
points  indicated  correct  behaviour  of  the  control  system  and  unchanged  reaction  of  the  engine  to  limiting 
parameters.  This  also  meont  consistency  of  installed  engine  performance. 

The  Individual  steps  of  the  method  used  is  discribed  in  fig.  18.  This  procedure  was  part  of  the  preflight  check 

list.  In  the  briefing  before  the  flight  the  pilot  was  given  the  corresponding  N2  values  based  on  a quick  run  of 

the  portable  computer  for  the  days  expected  values  of  temperature.  The  same  program  generated  N] , EGT  and 
fuel  flow  predictions  for  monitoring  In  the  ground  station.  This  standard  test  procedure  or  parts  of  it  could  also 
be  applied  after  flight  to  check  the  Integrity  of  the  propulsion  system  in  the  case  of  suspected  deficiencies 
in  flight. 

This  method  proved  to  be  very  useful  in  actual  practice.  The  moin  advantages  were  flexibility  of  operation 
and  the  clear  separation  of  engine  and  control -system  characteristics.  Engine  characteristics  were  based  on  the 
condition  check  and  the  control -system  on  limiting  parameters  and  transients.  This  also  enhanced  quick  and 
reliable  trouble  shooting.  Except  for  accurate  handling  of  the  engine  to  stabilise  the  initial  conditions  of 
85  % N2  the  rest  was  an  automatic  procedure  which  demanded  operation  of  switches  and  max.  power  accels 
at  the  correct  Instances. 

Accuracy  and  location  of  engine  sensors  play  a dominant  role  in  performance  monitoring.  As  already  mentioned 
improved  accuracy  of  fuel  flowmeters  is  highly  desirable.  Pressure  transducers  were  checked  after  each  flight 
for  zero-shift.  This  was  done  by  comparing  all  absolute  pressures  with  ambient  pressure  before  engine  start. 
Differences  to  ambient  pressure  were  taken  as  zero-shift  error.  In  V/STOL  aircraft  the  location  of  the  probe 
for  measuring  Inlet  total  temperature  must  be  in  a position  to  give  the  quickest  Indication  of  recirculation 
which  can  easily  arise  during  ground  runs. 

In  the  development  of  a practical  method  for  performance  monitoring  man/mcchlne  relationships  must  be  observed. 
Thus  close  working  with  the  pilots  from  the  very  beginning  is  necessory  to  develop  practical  procedures  end  make 
sure  that  pilots  and  engineers  speak  the  same  language.  The  man  in  the  cockpit  has  to  live  with  the  propulsion 
system  on  "good"  and  "bad"  days.  The  same  applies  to  the  working  relationship  with  the  engine  manufacturer. 

All  parties  concerned  must  work  together  as  a single  team  making  the  best  use  of  experiece,  knowledge  and 
technology. 

It  is  olso  recommended  that  dynamic  engine  models  for  computer  simulotion  contain  realistic  control  system 
characteristics.  This  will  facilitate  correct  system  integration  early  in  an  aircraft  program  and  also  enhance 
procedures  for  future  performance  monitoring. 

3.  PROPOSED  METHODS  WITH  ADVANCED  CONTROL  SYSTEMS 
3.1  Introduction 

Advanced  control  systems  are  being  proposed  for  future  propulsion  systems  of  the  next  generation  of  military 
and  commercial  aircraft.  These  systems  are  based  an  the  revolutionary  advonces  of  solid-stote  electronics  and 
large  scole  integration  (LSI)  and  the  expected  progress  in  the  near  future.  The  application  of  this  new  techno- 
logy brings  not  only  drastic  reductions  in  weight  and  volume  of  highly  efficient  hardware  but  also  a reduction 
in  the  number  of  ports  through  LSI  enabling  significant  improvements  in  reliability.  These  facts  cannot  be 
overlooked.  This  standard  of  electronics  must  not  be  confused  with  past  applications  which  proved  less  reliable 
than  the  system  they  were  desigyied  to  monitor.  Technology  Is  already  available  to  make  the  digital  contral 
system  with  full  authority  o reality.  A comparison  with  current  hydro-mechanical  and  hybrid  control  systems  is 
shown  in  fig.  19. 
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AIRCRAPT 


GROUND  STATION 
engine  instruments,  digital  data, 
ainlcosputer 


1.  ENGINE  START  - monitor  closing  of  starting  bleed  valTe 

2.  rDLE  - monitor  N,  , N^  , EOT  and  fuel  flow 

3.  CONTROL  SrSTEM  AliD  CONDITION  CHECK 

3.1.  stabilise  at 

select  N^-'  datum  down 
slam  acceleration  to  HAX. 

3-2.  stabilise  at  33^  N^ 

select  N.,  //t;  - datum  down  | 

slam  acceleration  to  MAX.  R^  » 90,5  < 

3.3.  stabilise  at  85<  N^ 
select  SGT-  datum  down 

slam  acceleration  to  MAX,  = 92*5  ^ 

3.4.  datum  downs  OPF  " 

3.5.  stabilise  at  85?S  N^ 

slam  acceleration  to  MAX.  N2  * 97,5  ^ 

observe  EGT  - limit 
go  to  IDLE 

4.  bleed  check 

5-  LIFT  ENGINES  START 

Tolerances:  A N^  * t ■<,  ^ 

A EOT  = 10°  0 


monitor  and  compute 


*1 

EOT 

predicted 

15 

90.5 

560 

test 

16 

90,2 

570 

predicted 

15 

92,6 

HMl 

test 

15 

92 

583 

predicted 

15 

97,6 

660 

test 

14 

97,6 

690 

o cbeck  amplifier  limits 
0 checit  condition 

0 compare  with  predicted  max.  conditions 
o data  for  trending  and  trouble  shooting 


Pig.  18 


Engine  Preflight  Checkout  with  Integrated 
Performance  Monitoring  Procedures 
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• accuracy  and  weight 
benef  t ts 

• limited  authority 

of  electronic  control 

« I imited  number 
of  functions 

•high  maintenance 
requ i rements 

• I im i ted  fa i lura 
diagnosis 


• satisfies  require** 
menta  of  future 
propu I s ion  systems 

• nearly  unlimited 
computet i ona I 
v'apab  i I i ty 

• eas i 1 y repro* 
grammabi e 


• accuracy  I imlted 
by  sensor 
charecter istice 

• fa i lure 

d i agnos i s 

• improved 

re  I i db i I i ty 

• simpi if  led 
ma intenance 


Fig, 
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Comparison  of  Control  Systems 


Thus  future  propulsion  systems  with  this  standard  of  advanced  control  systt  '.s  will  be  offering  a new  range 
system  flexibility  and  functional  capabilities  to  improve  the  integration  jt  engine  and  oirframe  and  expand  the 
operational  possibilities  of  future  aircraft.  Substantial  improvements  in  life  cyd'  cost  and  performance  reliobi- 
lity  will  result. 

The  key  to  reliability  is  to  reduce  the  number  of  parts.  This  is  enabled  by  solid-state  electronics  incorporating 
more  and  more  circuits  and  logic  design  per  chip  through  large  scale  Integration.  Very  iarge  scale  Integration 
wi  th  I ow  power  requirements  are  expected  as  further  developments. 

This  technology  is  oiready  being  exploited  for  the  development  of  new  digital  control  concepts  for  future 
militory  engines,  especially  those  of  the  vorioble  cycle  type,  which  will  be  more  complex  and  will  be  im- 
posing additional  functional  requirements  to  the  control  systems.  A summary  of  the  main  efforts  in  fig.  20 
shows  that  progress  is  being  mode  and  future  engines  will  be  equipped  with  these  control  systems.  The  odvontoge 
of  this  technology  has  already  been  reco^lsed  by  the  manufacturers  of  commercial  engines,  who  together  with 
specific  airframe  manufactures  olreody  hove  their  development  progroms  underway. 


PROGRAM 

INVESTIGATORS 

STATUS 

PaDEC  - Pull  Authority 

Digital  Electronic 

Control 

US  Navy 

1)  Demonstrator  tests  on  PW  TP  30-P-412 
as  slave  engine 

2)  Application  studies  for  future  VCC 

IPC3  » Intc, ’rated 

Propulsion  Control 
Syoteo 

BoelnR''Pratt  , Whitney/ 
Honeywell 

1)  Build  and  ground  test  a 
digital  control  system 

2)  Plight  testing 

Research  A Developnent 
on  digital  engine  control 

Engl  and 

Germany 

USA  t 

Soviet  Union*' 

ffllcroproceesor  and 

aaeoolated  aoceaeorlee 

eleotronlos  Industry 
automobile  industry 

y)  Very  large  scale  Integration*  leas  parts 

2)  Higher  reliability,  lower  costs 

3)  More  logic  per  chip 

4)  Lower  power  requirements 

3)  Drastic  size  reductions 

(factor  of  to  every  7 years) 

Loterev  D36  turbofan  In  TAX  42  with 


digital  control  ayaten 
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fig.  20  Currant  Efforts  on  Engine  Digital  Control 
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The  possibilities  offered  here  offer  more  efficient  integration  of  control  system  characteristics  and  engine  condi-  j 

tion  monitoring  operatioris  to  improve  the  performance  reliability  of  future  power  plant  systems.  To  demonstrate  I 

practical  possibilities  a method  of  performance  monitoring  during  engine  pre-flight  check  will  be  developed  ! 

based  on  experience  gained  with  a similar  procedure  for  the  main  engine  system  of  a V/STOL  fighter  type  air-  ^ 

craft  with  a hybrid  control  system  as  already  described.  The  same  philosophy  can  be  applied  to  applications 

with  more  complex  pow'^r  plants.  The  basis  here  will  be  an  appropriate  Installed  Performance  Model.  For  time  | 

and  engine  cyclic  life  savings  maximum  use  must  be  made  of  built  in  test  logic  for  self  monitoring  of  control  A 

system  characteristics  and  fault  accomodation.  * 

I 


1 

■J 

3.2  Methodology  \ 

The  advanced  control  system  will  be  able  to  perform  the  functions  of  both  the  hydromechanical  and  the  analog 

electronic  control  system  . Flexibility  of  the  system  will  also  make  it  capable  of  taking  over  additional  i 

functions.  This  new  situotion  in  the  control  area  is  displayed  in  fig.  21. 

The  advanced  control  system  will  have  a substantival  memory  and  modern  logic  elements  for  quick  computation. 

Thus  it  will  be  capable  of  performing  the  following  tasks,  which  were  not  possible  with  the  hybrid  system: 

o self  check  of  control  system  compare  limiting 

engine  parameter  N^,  or  EGT  with  the  ^ 

commonded  limit 

o self  check  of  at  the  above  limits 

2 max.  j 

o introduction  of  N2  datum  down  at  85  % for 
automatic  setting  of  initial  conditions  for 
control  system  and  engine  check  out. 

o compute  occeleration  time  and  check  fuel 
schedules 


n*iH 


o perform  engine  condition  cK«i,i«. 

Engine  chorocteristic s for  N|,  N2,  N]//  EGT 
and  FF  con  be  stored  in  controller  memory  ond 
computed  for  limiting  conditions.  Thus  the  odvonced 
controller  will  be  able  to  execute  the  calculations 
ond  comparison  done  in  the  ground  stotion  with  the 
aid  of  a portable  minicomputer.  If  the  engine 
preflight  check  does  not  include  the  acceleration 
to  maximum  RPM  to  see  if  the  engine  wos  going  to 
meet  expected  maximum  performance  for  thot  day, 
then  by  analysis  of  the  transient  characteristics 
of  the  datum  down  dota  and  o condition  check  the 
obility  of  the  engine  to  meet  maximum  performance 
can  be  automatically  investigated  by  the  system  ond 
the  result  displayed  to  the  pilot  in  the  form  of 

a)  Go  / No  Go  or 

b)  instruction  to  perform  the  full  acceleration  in 
cases  of  uncertainly  . 

Due  to  the  greater  accuracy  of  digital  data  and  the 
extended  computing  facibility  the  engine  condition 
check  ccri  be  expanded  to  include  compressor  exit 
pressures.  The  results  these  computations  can  be  re- 
corded on  the  flight  data  recorder  and  thereby  save 
postflight  computing  time  on  the  ground. 

o condition  monitoring  at  stabilised  conditions  in  flight 
is  possible.  The  selection  can  be  manual  or  automatic. 

Real  time  monitoring  in  flight  has  a significant 
effect  on  flight  safety.  There  are  a number  of  coses 
when  this  facility  is  useful,  e.  g.  when  an  unexpected 
surge  occurs  during  flight.  The  pilot  first  looks  of  his 
warning  ponel  ond  then  at  the  engine  instruments. 

Even  if  all  appears  to  be  well  additional  information 
from  an  engine  condition  check  will  be  very  useful  in 
the  decision  making  process  for  the  pilot  to  either 
continue  his  mission  or  return. 

A new  check  rjut  procedure  making  optimum  use  of  the  capabilities  of  an  advanced  control  system  to  monitor 
control  laws  and  engine  characteristics  is  shown  in  fig.  22.  This  is  a first  step  in  time  soving  ond  more 
occurate  monitoring  of  performance.  The  advanced  controller  has  token  over  tasks  which  were  not  possible  with 
the  hybi  d system  and  which  required  the  manual  operation  of  a portable  computer  with  inputs  either  from  in- 
strument readings  or  real  time  digital  data  in  a ground  station. 


Additional 


features  for  improving  the  monitoring  of  performance  ond  system  reliability  will  be: 


o display  of  limiting  N2  for  the  pilot  similar  to  the 
display  of  N]  and  EPR  in  Thrust  Rating  Computers 
In  some  of  the  latest  commercial  aircraft 

o failure  accommodotion  as  shown  in  fig.  23.  The 
primary  control  will  incorporate  all  the  desird 
functions  including  Self  Healing  Logic.  This  allows 
for  signal  failure  of  a control  parameter.  The  missing 
sigrial  is  compensated  by  calculation  of  a theoreticol 
value  from  the  other  measured  parameters.  Fall  out 
of  the  primary  control  will  automoticolly  activate 
the  secondary  control  which  can  either  be  a simple 
hydro-mechanical  system  or  digital  electronic  in- 
corporating simplified  control  lows.  Switch  over 
from  primary  to  secondary  control  con  also  be 
facilitated  by  manual  override. 
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Pig.  22  Integrated  Preflight  Check  with  Advanced  Controls 


engine  data 


Pig.  2}  Schematic  Layout  of  Advanced  Control  System 


Performonce  reliability  con  be  further  improved  by  integration  of  the  control  logic  of  the  following  components 
of  the  installed  propulsion  system  with  the  primory  digital  control  system  on  the  basis  of  o coordinated  control 
concept  for  monitoring  not  only  the  bosic  engine  ond  its  control  system  but  also  other  subsystems  influencing 
installed  engine  performance  os  shown  In  fig.  24 
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i4  Further  Application  of  advanced 
Control  Systems  using  Extensive 
Data  Processing 

o bleed  schedules 

o)  Compressor  bleed-off  for  surge  margin  control 
b)  Compressor  bleed  for  ottitude  srubillsaflon  and 
lift  engine  storting  in  V/STOL  aircraft 
Engine  bleed  degrades  performance  especially  at 
maximum  power  and  EGT  control.  Unreliable  bleed 
schedules  not  only  cause  excessive  performonce  losses 
but  olso  stability  problems.  Opening  and  closing  of 
bleed  valves  can  be  detected  by  changes  in  EGT 
and  compressor  dischorge  pressure  at  stabilised 
conditions.  Fig.  25  shows  these  changes  for  lift 
engine  starting  bleed.  Future  V/STOL  aircraft  will 
need  accurate  bleed  bookkeeping  for  reliable  per- 
formance monitoring. 


■800  £gt 

. 600  M 


Lift  Enpinc  St^irt  with 
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o control  of  variable  intake 

The  simplest  is  an  intake  with  a translating  cowl  type 
of  auxiliary  inlet  far  optimum  pressure  recovery  at 
take  off  and  law  speed  flight.  Accurate  opening  and 
closing  of  the  auxilary  inlet  can  be  controlled  by 
integrating  the  intake  logic  into  the  advanced  control 
system.  A similar  philosophy  can  also  be  adapted  for 
supersonic  inlets  with  variable  ramps. 

o elimination  of  dead-bands  in  the  pilots  power  lever 
and  improve  power  setting  methods 
This  is  a problem  common  to  mechanical  power  plant 
controls  when  the  pilot  demands  maximum  power  ond 
the  limiter  comes  in  keeping  a limiting  parameter 
constant.  This  leads  to  a dead-band  at  the  upper  end 
of  the  pilots  lever  within  which  there  is  no  response 
from  the  engine  to  movements  of  the  pilots  lever. 

Dead-bands  are  highly  undesirable  from  the  standpoint 
of  engine  handling.  The  use  of  electrical  controls 
together  with  future  advanced  control  systems  will 
facilitate  the  elimination  of  dead-bands  and  improve- 
ments to  power  setting  methods.  The  cockpit  work- 
load will  also  be  reduced.  j 

o minimise  maintenonce  and  maximise  usage  of  engine 
and  aircraft  by  accomplishing  the  following  tasks 
is  real  time; 

- calculate  turbine  creep  life  usage 

- calculate  usage  of  cyclic  life 

- monitor  engine  running  time 

- in  additions  to  condtion  monitoring  apply  diagnostic 
routines  for  fault  identification  and  indicate  corrective 
action  in  the  cockpit 

- elimination  of  ground  trim  runs  after  new  engine  in- 
stallation 

o optimisation  of  power  management  in  flight  by  Integration 
of  aircroft  ond  engine  controls  using  criterio  bosed  on 
real  time  engine  performance  data. 

o new  range  of  flexibility  for  the  treatment  of  problems 

that  arise  during  initial  engine  and  airframe  development. 

o control  of  engine  sensors,  e.  g.  automatic  compensation 
of  pressure  transducer  drift. 
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Development  Requirements 

The  proposed  preflight  check-out  procedure  taking  advantage  of  the  abilities  of  an  advanced  engine  controller 
on  the  basis  of  a digital  microprocessor  and  further  examples  of  extended  application  show  the  wide  range  of 
possibilities  for  improving  installed  performance  and  overall  system  reliability  of  future  powerplant  systems. 

The  central  microprocessor  with  its  high  dota  storage  capacity  is  capable  of  efficiently  performing  multiple 
operations  from  control-low  check-out  up  to  different  stages  of  engine  health  dia^yiosis. 

Allthough  the  basic  technology  is  available  and  has  already  demonstrated  its  ability  as  an  engine  control  tool 
on  the  test  bed  and  in  at  least  one  case  in  flight  (Fill  El  there  is  still  a wide  spectrum  of  research  and 
development  necessary  for  determining  the  best  methods  for  applying  this  new  technology  to  improve  the  over- 
all performance  and  system  reliability  of  military  power  plant  systems.  The  development  of  methods  for 
practical  applications  must  be  based  on  comprehensive  trade  studies  considering  the  following  aspects; 

o mission 

o vehicle  configuration 
o integration  with  airframe 

o control  system  reliability 


o procurement  cost 
o life  cycle  cost  of  propulsion  system 
o maintainobllity 
o dispatchability 

o other  parameters  affected  by  day  to  day  practical 
application. 


17-22 


Propulsion  engineers  in  the  engine  and  airframe  industry  must  acquire  the  know-how  necessary  to  handle  this 
new  technology  and  solve  interface  problems.  This  requires  experimental  testing  of  prototype  and  production 
standard  hardware  on  the  ground  and  in  flight  in  the  form  of  joint  efforts  by  engine  and  airframe  manufacturers. 
These  efforts  must  start  today.  Propulsion  engineers  must  groduolly  loy  off  the  "tradional"  apprehension  to 
electronics.  We  are  getting  a new  and  usefull  tool  in  our  hands  and  must  make  the  best  use  of  it.  Avionics 
engineers  have  rrKide  better  progress  in  this  respect. 

A further  objective  is  the  need  for  standardisotion  of  components  for  "propulsion-electronics"  and  test  pro- 
cedures. This  will  improve  economics  and  reliability. 

^e  very  important  interface  item  between  the  engine  and  all  systems  using  engine  data  for  control  and 
monitoring  purposes  are  the  engine  sensors.  Optimum  results  from  the  application  of  methods  making  best  use 
of  system  logic  and  data  handling  capability  for  improving  performance  monitoring  will  require  better  in- 
strumentation from  the  standpoint  of  accuracy,  response  time  and  reliability.  Future  sensor  requirements  are 
listed  in  fig.  26. 
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Accuracy 

Response  Time 
(acc) 
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{%) 

requ i red 

{%) 

T emperature 

±0,5 

i 0.1 

0,  1 
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Fuel  FI ow 

^1.0 
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Speed 

+ 0,5 

+ 0,  1 

0,  02 

Power  Lever  Angle 

^ 3 

+ 1 

0,02 

Fig-  26  Sensor  Requirements 


CONCLUSIONS 

Installed  engine  behaviour  depends  upon  engine  condition  and  the  characteristics  of  the  engine  control  system. 
Thus  efficient  performance  monitoring  must  consist  of  a control  system  and  engine  condition  check. 

Current  automatic  multi-parameter  limiters  in  the  form  of  analog  electronic  systems  with  limited  authority  re- 
quire defined  preflight  checkout  procedures  to  confirm  limiter  action  for  flight.  Datum  down  functions  of  the 
individual  limiting  signals  can  be  used  for  this  purpose  at  part  ond  maximum  power.  This  procedure  delivers  a 
systematic  set  of  quasi  steady  state  engine  data  for  performance  monitoring  both  in  flight  line  as  well  as  after 
flight  for  trend  analysis,  detailed  diagnostics  and  trouble  shooting. 

Use  of  a portable  minicomputer  in  a ground  station  with  communication  to  the  pilot  to  facilitate  real  time 
overall  performance  monitoring  was  a technique  used  to  develop  an  intergroted  procedure  for  obtaining  an 
early  indication  of  engine  condition  and  performance  capability.  This  integrated  methodology  was  applied  to 
the  performance  monitoring  of  the  propulsion  system  of  a V/STOL  fighter  demanding  high  standards  of  per- 
formance reliability  for  jetborne  performance.  Practical  experience  in  flight  test  demonstrated  the  ability  of 
this  approach  as  a quick-working  and  flexible  tool  making  efficient  use  of  quasi  steady-state  engine  data 
generated  during  preflight  checkout  for  the  purpose  of  quick  condition  monitoring  and  to  give  the  pilot  on 
indication  of  performance  capability.  Similar  integrated  methods  can  also  be  applied  to  other  complex  military 
power  plants.  A suitable  bord  computer  can  take  over  the  necessary  calculations  and  thus  make  the  whole 
system  Integral  with  the  airframe  ond  indepandet  of  a ground  station.  Commercial  aircraft  already  use  power 
setting  computers. 

Advanced  digital  electronic  engine  control  systems  based  on  microprocessor  technology  and  large  scale  inte- 
gration will  be  able  to  perform  the  above  procedures  more  efficiently  and  olso  hove  the  capability  of  taking 
on  additional  functions.  These  functions  go  from  control  system  check-out  up  to  power  management  in  flight. 

Further  development  and  research  as  shown  in  fig.  27  is  necessary  to  provide  a solid  basis  for  the  efficient 
application  of  this  very  promising  new  technology.  The  very  high  standards  of  reliability  required  for  full 
authority  control  systems  dertxjnd  substantial  experimental  testing  on  real  engines  in  actual  environments  of 
temperature  and  vibration.  This  requires  coordinated  effects  from  airframe,  engine  and  control  system  manu- 
focturers. 
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Development  In  this  expanding  sector  of  "Propulsion  Electronics"  will  benefit  from  a standardisation  of  the  main 
components  of  this  new  technology  for  future  power  plants  based  on  modular  concepts.  There  should  not  be  too 
many  totaly  different  "black  boxes"  each  with  it's  own  "secret"  known  only  to  certain  individuals. 

It  is  proposed  thot  a specialist  working  group  within  AGARD/PEP  pay  special  attention  to  the  relevant  aspects 
of  advanced  engine  control  systems  for  optimum  integration  with  the  airframe  to  improve  performonce, 
reliability  and  life  cycle  cost  of  future  military  aircraft.  The  subject  of  engine  condition  monitoring  must  be 
one  of  the  main  topics  of  this  working  group. 
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SUMMARY:  The  United  States  Air  Force  is  currently  conducting  a formal  flight  test 
evaluation  of  an  Engine  Health  Monitoring  System  (EliMS)  on  ten  of  the  Air  Training 
Conanand's  T-38  supersonic  aircraft.  Tlie  system  consists  of  engine  sensors,  an  airframe 
mounted  data  processing  unit  (DPU) , and  a ground  based  uiagnostic  display  unit  (DDU) . 

The  sensors  continuously  monitor  some  24  parameters  including  an  EGT,  RPM,  fuel  flow 
and  EPR;  however,  data  is  only  recorded  if  the  pilot  wishes  or  if  a gate  in  the  DPU  is 
triggered . 

During  the  flight  evaluation  program,  an  extensive  amount  of  data  is  being  collected  on 
the  ten  aircraft  and  20  instrumental  engines,  as  well  as  on  a control  group  of  an 
additional  20  engines.  As  the  test  progresses,  a series  of  logistic  comparisons  will  be 
conducted  to  determine  the  extent  to  which  an  EHl-iS  system  can  - 

- fault  isolate  to  module/LRU  level 

- reduce  spare  engine  and  piece  part  requirements 

- reduce  fuel  consumption 

- improve  flight  safety 

- mechanize  data  collection 

- reduce  scheduled  engine  removals 

- trend  performance  data 
and  ii:  general 

- increase  aircraft  availability  while  reducing  logistics  support  costs 

Since  this  is  the  first  controlled  experiment  in  the  USAF  to  uetermine  the  evidence  of 
a potential  for  Engine  Health  Monitoring  Systems,  the  results  arc  assuraed  to  be  general 
interest. 


The  uniteu  States  Air  Force  is  actively  involveu  in  the  evaluation  ana  expansion  of 
various  engine  diagnostic  techniques  and  engine  monitoring  systei.is  for  tlie  purpose 
of  developing  an  aircraft  engine  on-condition  maintenance  program.  The  FIDO  (F-15/ 

F-16) , FlOl  (B-l)  and  TF34  (A-IU)  engines  are  ueing  added  to  the  Air  Force  aircraft 
engine  inventory  under  this  on-condition  maintenance  (OCM)  concept.  Tliese  engines 
will  be  supported  by  conditional  maintenance  proceuures  that  uo  not  require  manaatory 
field  maintenance  involving  periodic  inspections  (P/E)  and  uepot  maintenance 
controlled  by  maximum  operating  times  (MOT) . Application  of  the  conditional 
maintenance  concept  varies  in  specifics  as  applied  to  each  engine  but  all  engines 
will  require  some  degree  of  diagnostic  capability  to  realize  the  full  benefits  of 
UCM.  The  more  well  established  diagnostic  procedures  of  Spectrometric  Oil  Analysis 
Program  (SOAP)  sampling.  Nondestructive  Inspection  (NDI)  anu  borescope  will  continue 
to  )3e  used  on  engines  maintained  by  the  OCM  concept.  However,  additional  diagnostic 
capabilities,  that  can  be  satisfied  by  monitoring  selecteu  engine  parameters  in 
flight  arc  required. 

The  current  maintenance  concept  for  aircraft  jet  engines  is  based  upon  scheduled 
intervals  for  field  level  maintenance  actions  (inspection,  remove,  replace,  and 
repair)  and  depot  level  maintenance  (complete  engine  overhaul,  including  modifications) . 
These  intervals  are  expressed  in  total  engine  operating  hours  ana  are  established, 
and  revised,  based  upon  the  condition  of  critical  components  observed  during  maintenance. 
If  reasons  for  unscheduled  engine  removals  or  parts  consumption  factors  show  significant 
changes,  the  field  maintenance  interval  (periouic  inspection)  is  adjusted  as  is  the 
depot  repair  interval  (maximum  operating  time). 

Most  engines  are  returned  for  depot  repair  for  reasons  other  than  reaching  their 
maximum  operating  time.  Engines  are  rejected  for  in-flight  malfunctions  (stalls, 
flameouts,  surges,  vibration,  etc)  and  component  failures  of  rotating  parts  (turbine/ 
compressor  blades  and  disks)  and  critical  static  parts  (combustion  chambers,  turbine 
nozzles) . These  type  of  malfunctions  cause  engine  removal  anu  subsequent  field 
testing.  Frequent  engine  removals  require  more  spare  engines  anu  field  level  repair 
consumes  maintenance  manhours  and  spare  parts.  Ground  operational  checks  of  mal- 
functioning engines  involve  component  troubleshooting,  visual  inspection  (using 
borescope  techniques),  fluid  contamination  checks  (oil  and  fuel)  and  trimming  of  the 
engine.  Performing  many  of  these  checks  on  installed  engines  can  reduce  t))e  number 
of  spare  engines  required  but  affects  the  aircraft  availability  rate. 

The  on-condition  maintenance  concept  differs  considerably  from  the  standard  engine 
maintenance  concept.  Engines  maintained  under  the  OCM  concept  do  not  have  an 
overhaul  time  limit  tliat  requires  engines  to  be  sent  to  tlie  depot  for  maximum 
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oiieratinsj  time.  The  OCU  concept  is  based  upon  the  identification  of  life  limiteu 
components  and  the  tracking  of  the  life  consumption  of  eacli  of  these  components. 
Scheduled  maintenance  actions  in  the  field  are  not  required  unless  a life  limiteu 
component  reaches  its  life  expiration  threshold.  This  occurrence  can  be  minimized 
if  a life  integrity  builu-up  policy  is  followed  during  fielu  level  and  depot  level 
maintenance.  Unuer  the  OCM  concept,  the  unscheduled  maintenance  actions  control  the 
mean  time  between  engine  removal  and  subsequent  manhour  anu  spare  part  consumption. 
Since  the  manuatory  periodic  inspections  are  eliminated  unuer  the  UCM  concept, 
engine  nonitoring  techniques  must  be  available  to  determine  engine  conuition.  Tlie 
well  established  oil  analysis  procedure  anu  borescope  techniques  provide  some  of 
this  capability  but  additional  capability  is  required  to  monitor  in-flight  engine  or 
component  malfunctions  as  well  as  provide  a troubleshooting  capability  curing 
ground  operational  checks.  To  tlie  degree  that  this  improved  diagnostic  capability 
can  fault  isolate  to  defective  components,  be  used  to  trim  the  engine,  anu  record 
performance  trending  parameters,  additional  logistic  savings  are  possible.  Additional 
quantification  of  tliese  requirements  has  resulted  in  a need  for  airborne  engine 
diagnostic  equipment. 

To  demonstrate  tlie  capabilities  of  this  type  of  equipment  and  further  the  state-of-the- 
art  in  hardware  and  software  development,  tne  US  Air  Force  is  currently  conducting  a 
formal  flight  test  evaluation  of  an  bngine  health  Monitoring  System  (LHMS)  on  ten 
T-36  supersonic  aircraft. 

The  T-3B  is  a light  weight  twin-jet  advanced  trainer  which  was  in  continuous  production 
from  195b  to  1972.  The  Talon  as  it  is  designated,  is  almost  identical  in  structure 
to  the  F-5  and  is  powered  by  two  General  Electric  J-B5-GE-5  turbojet  engines,  each 
of  which  generates  2bd0  pounds  of  thrust  dry  anu  3B50  with  afterburner.  The  engine 
health  monitoring  system  is  being  tested  on  aircraft  stationed  at  Air  Training 
Command  headquarters,  Randolph  AFU,  Texas. 

The  system  consists  of  engine  sensors,  an  airfraiae  mounted  data  processing  unit 
(bPU) , and  a ground  based  diagnostic  display  unit  (UUU).  The  sensors  continuously 
monitor  some  24  paraineters  and  input  signals  to  the  bPU.  Many  of  the  signals  were 
obtained  by  tapping  off  of  existing  sensors,  otliers  required  the  addition  of  new 
sensors.  The  breakout  is  as  follows: 


EXISTING  SIGNALS 

N - Kotor  speed 

Kj  - Fuel  Flow 

A^  - Nozzle  position 

T.  H - Exhaust  gas 
temperature 
Engine  Oil  Pressure 
Anti  Ice  Switch  Position 
Landing  Gear  Position 
Utility  hydraulic  pressure 

Flight  Control  hydraulic 
pressure 

2GV  400  llz  reference 
A/C  signal  return  reference 
2a  V bC  Power 
EGT  Trim 


AbblTIONS  PICKUP  REQUIREU 

P^.._  - Ambient  pressure 
P^^  - Dynamic  boom  pressure 
P^,  - Coiapressure  discharge 
pressure 

Pi-i  - Turbine  discharge 
pressure 

T„^  - Total  teiiiperature 
Engine  Oil  Tank  teiapcrature 
Compressor  vibration 
Inlet  Guide  Vane/Bleed  Value 
position 
Throttle  angle 

Fuel  Boost  Pump  pressure 
Anti-Ice  temperature 


Signals  from  tiicse  sources  are  fed  into  tne  airframe  r.Kiunted  Data  Processing  Unit. 

It  is  a small  (5"  x b"  x 10"),  light  weiglit  ( 10  pounus)  , solid  state  computer.  It 
continuously  monitors  the  input  signals  from  the  airframe  and  each  engine.  Tiie  data 
is  only  storeu,  liowever,  under  certain  co:iditions: 

a.  Wlien  any  parameter  value  moves  outside  previously  establisiied  performance 
limits. 

b.  Upon  pilot  coiiUiianu, 
and/or 

c.  Under  programmed  stable  flight  conditions. 

I.E.,  whenever  a parajiieter  limit  is  exccedeu  or  tlie  pilot  desires,  the  airborne  unit 
will  process  and  record  all  parameter  uata  as  of  that  moment,  nii  aauitional  record 
of  all  uata  will  again  lue  r.iaue  each  time  a similar  or  new  conuition  occurs.  In 
audition,  stabilizcu  engine  performance  uata  is  stored  once  each  flight  for  pre-takeoff, 
takeoff,  cliiiib,  and  cruise  operating  modes.  Data  collected  under  these  stable 
conditions  is  tiicn  plotted  over  time  to  give  an  indication  of  performance  uegradation. 
This  feature  is  also  used  to  provide  the  ground  crew  with  data  enabling  them  to 
verify  with  confidence  that  engines  arc  operating  within  normal  limits  and  the 
engine  condition  is  not  marginal.  Access  to  this  type  of  data  at  the  flight  line 
can  reduce  inspection  requirements  anu  unwarranted  maintenance  actions. 
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Vuo  uuLa  Processing  biiit  is  coiiiicctcu  to  an  aircraft  status  panei  wiiicli  gives  an 
engine  alia  aji  niaiS  go,  ;io-go  inaication.  niien  an  aircraft  returjis  from  a fliglit, 
tne  gruune  crew  cnecl.s  tue  status  panel,  if  butn  iights  are  greeii,  tiiu  aircraft  caii 
Le  rapiuly  turneu  aroanu  for  another  iiignt.  If  Lucre  uas  oeen  an  engine  proelem, 

Wiiicn  i.tay  or  i..ay  not  nave  been  aetectee  by  tlie  crew,  tile  Jiagnostic  oisplay  Unit 
can  DC  useu  to  troubXesuout  tne  malfunction.  tne  system  iias  not  only  virtually 
elii.dnateo  power  clieck  pau  runs  to  verify  pilot  write-ups  anu  uone  away  witn  the  all 
too  freguent  "ca,niot  uuplicate"  finuing  but  iias  reuuceu  troubiesiiooting  time  as 
well . 

Shoula  tile  built-in-test  capability  of  tlie  LiiHS  indicate  a protilem  with  the  system 
itself,  ttie  uULi  can  also  be  useu  for  troubiesiiooting  purposes. 

ihietiier  there  has  been  a problem  with  the  propulsion  system  or  the  grouiiu  crew  is 
merely  collecting  the  static  performance  uata  gathereu  uuriiig  tne  uays  flights,  the 
uata  in  the  airborne  memory  is  transferreu  to  the  ubb  via  a retractable  umbilical 
coru.  after  tills  single  cord  is  coiniecteu  to  the  aircraft,  tne  transfer  is  initiated 
by  pressing  the  data  transfer  switch  on  tiie  ground  unit.  /ui  inuicator  on  the 
unit  indicates  wiieii  all  the  data  has  successfully  oeuii  transferred.  This  process  is 
completed  in  less  than  five  seconus.  /diy  of  tne  uata  can  then  ue  immediately 
uisplayeu  on  tne  portable  UUU  or  carried  back  to  tlie  shop  for  nard  copy  printout, 
transfer  to  another  type  of  memory  unit,  or  input  into  a central  uata  Lank. 

'i'he  grounu  unit  is  about  tne  size  of  a brief  case  (U  1/2"  x 12”  x Itl”)  and  weighs 
less  tiian  40  pounds.  It  is  powered  by  self  contaliieu  batteries  and  nas  the  capacity 
to  store  anu  present  mure  tiian  ou  uata  records,  normally  representing  12  typical 
flignts.  It  is  a non-dedicated  unit  applicable  to  any  aircraft  anu  can  also  be  used 
ill  tne  test  cell  or  on  tlie  trim  pad. 

Uuring  tne  fliglit  evaluation  program,  an  extensive  amount  of  uata  is  being  collected 
on  tlie  ten  aircraft  and  20  iiistrumenteu  engines,  as  well  as  on  a control  group  of  an 
additional  20  engines.  Througnuut  the  test  a scries  of  logistic  comparisons  are 
being  conducted  to  determine  the  extent  to  whicn  such  a system  can: 

a.  Fault  Isolate  to  module/bKU  level 

b.  Reduce  spare  engine  anu  piece  part  requirements 

c.  Reduce  fuel  consumption 

d.  Improve  flight  safety 

e.  Mechanize  data  collection 

f.  Reduce  scheduled  engine  removals 

g.  i'renu  performance  data 
and  ill  general 

h.  Increase  aircraft  availability  while  reducing  logistic  support  costs  by 
allowing  the  adoption  of  a true  on-condition  maintenance  concept. 

Results  to  date  indicate  tliat  an  bliMS  system  will  reduce  troubleshooting  times  as 
Weil  as  increase  ttic  basic  ability  of  the  maintenance  personnel  to  fault  isolate  a 
particular  problem.  As  meiitionuu  earlier,  troubiesiiooting  times  have  been  reduced, 
power  ciieck  pau  runs  to  verify  pilot  write-ups  iiave  been  virtually  eliminated,  the 
frequency  of  "cannot  duplicate  (CUb) ” conditions  has  been  greatly  reuucea,  and 
malfunctions  not  reported  by  tiie  aircrews  liave  been  uetccteu  before  they  could  cause 
auuitional  damage  or  adversely  affect  fliglit  safety.  Vlie  maintenance  personnel 
particularly  like  the  ability  to  collect  engine  parameter  data  at  the  time  of  a 

malfunction,  not  only  on  the  uefective  engine  but  also  on  tlie  other  engine  operating 

in  the  same  environment.  Thxs  capability  becomes  increasingly  valuable  as  the 
complexity  and  cost  of  the  engine  increase  anu  as  we  continue  to  move  towards 
mouular  anu  on-conuition  maintenance  concepts. 

A uirect  result  of  this  capability  will  be  a rcuuctioii  in  spare  engine  anu  piece 
part  requirements.  Although  the  data  base  for  the  T-3ti  test  is  not  large  enough  at 
this  time  to  substantiate  anu/or  quantify  tnese  reuuctions,  the  system  has  demonstrateu 

capabilities  which  indicate  that  such  uecreascs  will  occur.  The  increased  troubleshooting 

capability  just  discusseu  will  reduce  the  base  repair  cycle.  Further  reuuctions 
will  result  from  a reuuceu  requirement  for  engine  test  stanu  runs  prior  to  inputting 
an  engine  into  maintenance.  The  uata  from  the  last  flight  will  provide  the  necessary 
information,  n reduction  in  tlie  base  repair  cycle  will  equate  to  a reduction  in  the 
iiui.ibcr  of  spare  engines  required  to  sup(X}rt  a given  flying  Hour  program. 

The  reuuctions  in  piece  part  requirements  result  from  a uecrease  in  the  number  of 
premature  engine  removals,  a decrease  in  the  amount  of  "trial  and  error"  component 
replacements,  anu  a uecrease  in  secondary  engine  uainage.  Isy  monitoring  key  performance 
parameters  tnroughout  the  flight  envelope,  the  maintenance  personnel  have  more 
confidence  in  tne  actual  condition  of  the  engine  and  remove  it  only  when  such  an 
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action  is  actually  reijuiruci.  The  result  is  an  increase  in  the  average  life  extracteu 
from  the  engine  components.  The  increased  troubleshooting  and  reduced  number  of 
dUbs  will  all  but  eliminate  the  all  too  frequent  practice  of  trying  to  find  the 
faulty  component  by  trial  and  error.  The  net  result  will  be  a uecrease  in  the 
nujiiber  of  units  which  retest  OK  at  the  repair  facility  anu  a corresponding  uecrease 
in  tile  number  of  assets  tied  up  in  pipeline  status.  Still  other  decreases  in  piece 
part  consumption  will  result  from  a reduction  in  secondary  engine  damage.  This  and 
other  dSW  test  programs  have  denvonstrated  an  ability  to  detect  relatively  minor 
faults  (even  tliough  there  were  no  crew  write-ups)  before  they  cause  significant 
secondary  uaraage.  In  many  cases  there  is  a shift  in  one  or  more  of  the  key  engine 
performance  parameters  prior  to  major  secondary  damage.  For  example,  after  a recent 
fligiit  an  SUMS  instrumented  T-3a  indicated  compressor  and  turbine  damage.  The  pilot 
did  not  report  a problem  and  when  tlie  aircraft  returned  to  base  the  engine  was 
operating  well  within  performance  limits.  Ihien  tiie  engine  was  torn  down,  nowever, 
tne  damage  picked  up  by  the  SUMS  equipment  was  evident,  a small  piece  of  tlie 
combustion  liner  was  missing  anu  tiiere  was  minor  secondary  damage  to  tlte  first  anu 
second  stage  turbine  buckets.  Wiien  tiie  piece  broke  loose  and  went  through  the 
engine,  it  changed  tlie  performance  characteristics  enough  to  trip  the  flags.  After 
it  went  out  tlie  exhaust  the  engine  returned  to  normal  operation.  In  instances  like 
this.  It  would  be  common  for  additional,  larger  pieces  of  the  liner  to  break  off  anu 
engage  the  rotating  hardware  until  there  is  major  engine  damage  and/or  tne  possible 
loss  of  an  engine  or  aircraft. 

hany  other  i.iore  dramatic  examples  were  encountered  in  tne  test  of  an  engine  monitoring 
system  on  one  of  our  transport  type  aircraft.  In  this  test,  bdT,  KPM,  PnA,  anu  fuel 
flow  readings  were  recorueu  once  each  flight  unuer  stable  cruise  conditions.  This 
uata  was  tnen  corrected  to  a selected  flight  ati.iospheric  base  and  plotted  on  individual 
engine  graphs.  Tiie  first  year  the  test  was  conducted  on  a sai.iple  of  “iCiO  engines, 
baring  tnat  tii.ie  13  engines,  each  witn  interval  problei.is  not  detected  by  the  crews, 
were  removed  before  tliey  could  cause  severe  secondary  damage.  txai^ples  of  the 
damage  iuciuae  eoi.ibustion  cnamber  liner  failure,  combustion  can  burn  througn,  tao 
iuei  nozzles,  a noie  in  an  iiiterneuiate  compressor  case,  broken  stator  vanes,  anu 
I'Ou  in  a compressor.  In  audition  to  tuese  13  engines,  3i  otiiers  witn  i.iinor  faults 
were  detected  and  repaired  in  an  installed  status,  •iu  faulty  instruniunts  were 
detected,  anu  "snellouts'*  were  elimiiiated.  A siiellout  is  defined  as  a piece  of  tne 
engine  coming  loose,  engaging  the  rotating  iiaruware,  anu  literally  leaving  a snell. 

Tne  400  monitored  engines  did  not  experience  a shellout  earing  tne  entire  service 
test.  While  tlie  remaiiiuer  of  tiie  fleet  sustained  13  shellouts  in  the  first  quarter 
alone.  The  resultant  dollar  and  safety  impacts  are  obvious. 

Another  advantage  of  an  UnMS  system,  partici’’ arly  important  at  this  time,  is  its 
ability  to  reduce  fuel  consumption.  tiouie  of  tiie  areas  of  reduction  have  already 
been  discussed;  reuuceu  ground  run  time  for  troubleshooting  and  the  elimination 
of  test  stand  runs  prior  to  input  into  maintenance.  otner  savings  will  accrue  as  a 
result  of  reducing  the  number  of  functional  checks  fliglits  (FCFs)  required,  collecting 
trend  uata  during  normal  flight  operations,  and  significantly  reducing  the  fuel 
requirements  for  a normal  trim  operation.  The  T-3ii  test  nas  shown  that  an  UlMS 
system  can  eliminate  a normally  required  FCF  by  piiipointing  tiie  cause  of  an  other- 
wise unexplained  pilot  detected  abnormality,  by  explaining  tnat  a flaineout  was  due 
to  operation  in  a marginal  portion  of  tne  fligiit  envelope,  ana  by  extending  tiie 
times  between  sciieduled  inspections  and  their  subsequent  clieck  flignts.  btiier 
reductions  in  fuel  consumption  are  enjoyed  simply  because  trend  data  can  be  collected 
during  normal  fligiit  operations  in  lieu  of  periodic  runs  on  tiie  trim  pau.  Similarly, 
tins  type  of  system  iias  tne  potential  of  doing  infligiit  performance  cnecks.  Suen  a 
cneck  may  indicate  tiiat  an  engine  needs  to  be  triiiuned  sometime  in  tne  near  future. 

Tne  trim  can  tlien  be  scneuuleu  during  programmed  non-opcrational  periods.  Tills  will 
eliminate  the  need  for  periodic  trims  at  sciieuuleu  intervals.  hot  only  will  tne 
number  of  trims  be  reuUceu,  but  wiienever  a trim  is  required  tne  biiiiS  will  also 
permit  a reduction  in  tne  run  time  anu  fuel  consumed.  To  rriia  an  bidiS  instrumented 
aircraft  you  merely  iiave  to  connect  tile  uUb  witii  tne  single  umbilical  cord  discussed 
earlier.  Plugging  in  one  coru  will  provide  a real  time  digital  display  of  all  of 
tne  trim  parameters.  Tiiere  is  no  requirement  to  break  into  any  lines  and  connect 
tne  normal  trim  equipment,  consequently  tiiere  is  no  neeu  to  remove  tnis  equipment, 
perform  all  of  tne  standard  leak  ciieci.s,  anu  ciieck  run  tne  engine.  Tne  T-3s  system 
lias  saved  1/3  to  1/3  tiie  fuel  normally  consuiaeu  in  a typical  trim  operation. 

A slue  benefit  or  periiaps  tne  most  important  aspect  of  tiie  system  for  single  engine 
aircraft  applications  is  its  ability  to  ii.iprovc  fligiit  safeuy.  The  increased  fault 
isolation  capability,  tiie  detection  of  mal functions  not  noticed  by  tiie  aircrews,  and 
tne  reduction  in  secondary  engine  damage  all  favorably  rmpact  fligiit  safety.  For 
example,  on  a recent  flight  an  bliiiiJ  equipped  T-Ja  experienced  a stuck  nozzle.  The 
pilot  anu  tne  healtli  monitoring  system  botn  reported  tiie  nozzle  problem  but  disagreed 
on  its  affect.  Tiie  pilot  reported  a slight  rise  in  bGV  on  touch  down  to  boO®C  for 
only  a seconu  or  two  before  lie  siiut  tlie  engine  uown.  Tnat  is  not  enough  of  a 
temperature  increase  anu  certainly  not  for  a sufficient  periou  of  time  to  cause 
any  problem.  Tne  standard  procedure  would  be  to  correct  tne  nozzle  problem  and 
release  tile  aircraft.  The  biiilb,  nowever,  recorueu  an  boT  of  V79°C  at  a fligiit  level 
of  37, DUO  feet  for  a duration  of  41  seconds.  That  temperature  for  that  lengtn  of 
time  indicated  severe  damage.  The  engine  was  pulled  anu  a not  section  inspection 
revealed  that  tiie  turbine  liau  been  virtually  melteu.  miotiier  flight  may  well 
nave  resulted  in  an  incident  or  accident. 
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Ail  of  t^iti  features  uiscusseu  tlius  far  are  ii;:uortaiit  but  tiie  siiii|le  most  vital 

aspect  of  au  btiMb  may  be  its  ability  to  median^ lie  unijiue  uata  collection.  'ine 

improveu  inteyrity  of  tne  recoru  keepiny  of  time  anu/or  cycle  limiteo  components 

aitu  ttve  ability  to  treiiu  performance  ueyrauation  on  Liiiib  instrumenteu  enyines  will 

improve  our  capability  to  forecast  enyine  overnaul  anu  Mlf>Ti<  (i-Miiiayemeiit  of  Items 

Subject  to  Aepair)  requirements.  Tnis  iiear  real  time  uata  will  also  improve  tne 

accuracy  of  projections  of  spare  parts  consui.iption.  be  know  from  experience  on 

otncr  enyines  onat  is  iiori.ally  requireu  in  parts  replacement  uuriny  periouic  inspections 

(P/eS)  . mil  example  is  tne  replacement  of  i.iost  (SO  ^l  cUaMbers  uUu  sot.e  (40-b0‘ti)  of 

tne  first  staye  turbine  noxxies  on  J'/y  enyines  at  tne  oJO  noui  P/b.  bnyines  maintaineu 

unuer  an  uCIi  concept,  nowever,  will  not  iiave  a P/b.  iiouuies/assemulies  will  be 

replaceu  on-conuition  tnus  forciny  tne  parts  replacement  luentif ication  (ana  trenuiny) 

to  be  on  a real  time,  event-by-event  basis.  With  an  LnMS  we  will  be  able  to  recora 

What  engine  performance  anu  key  parameter  values  were  for  certain  parts  being 

replaceu,  tnus  proviuing  an  auuitable  trail  of  conuition  versus  support  costs.  An 

auuitional  benefit  of  an  automatcu  uata  acquisition  capability  is  tlie  early  luentif icatlon 

of  engine  failure  trends  to  aiu  in  the  selection  of  appropriate  com{K)nent  improvement 

program  (tlP)  tasks. 

'i'he  net  result  of  all  of  this  should  be  an  increaseu  ability  to  Keep  the  engine  in- 
stalled; i.e.,  reuuce  engine  removals.  This  system  will  not  only  reauce  premature 
removals  as  discussed  earlier  but  will  extend  the  time  between  scheuuleu  removals  as 
well.  In  botn  the  V-Jti  test  anu  the  experiment  on  transport  type  aircraft,  favorable 
parameter  trenus  have  been  tlie  basis  for  authorised  overflys  of  scheuuled  engine 
removals.  This  is  an  indication  of  the  progress  toward  anu  subsequent  reality  of 
true  on-conuition  maintenance. 

In  the  final  analysis,  the  major  contribution  of  the  Kliilb  fligiit  test  may  be  in  the 
area  of  capabilities  dei.K>nstrated  and  lessons  learned.  It  has  anu  will  surely 
continue  to  aiu  in  tiie  uefinition  of  appropriate  systems  for  fiyiiter  aircraft  as 
well  as  defiite  engine  condition  monitoring  policies  and  procedures  applicable  to  all 
aircraft. 
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Anonymous 

Mr  Tonskotter  just  in  the  lecture  before  mentioned  something  about  the  difficulties  in  finding  local  defects  in  the 
engine.  What  has  been  your  experience  in  the  necessity  to  install  a diversity  of  sensors,  e.g.  to  measure  temperature 
at  turbine  inlet  to  tind  local  delects  such  as  tuel  nozzle  malfunctions  or  pieces  broken  out  of  the  combustor,  or 
pieces  broken  out  of  the  turbine  nozzle? 

Author’s  Reply 

How  much  of  that  can  be  done  is  certainly  subject  to  discussion  and  it  varies  from  engine  to  engine  and  from 
application  to  application.  We  believe  that  to  determine  how  much  you  can  do  and  should  do  in  a particular 
application,  that  you  really  need  to  buy  some  hardware,  fit  it  on  an  airplane,  fly  up  and  find  out. 


Anonymous 

How  do  you  find  the  position  of  your  people  checking  your  aircraft  after  having  introduced  your  monitoring 
system?  1 can  visualize  that  it  is  possible  that  your  maintenance  people  will  start  highly  depending  on  the  system 
and  may  become  more  careless  in  their  further  portion  of  the  inspection. 

Author’s  Reply 

I do  not  know  the  results  yet.  That  is  one  of  the  things  we  are  looking  at.  1 think  that  perhaps  the  problem  is 
not  the  other  inspections  per  se.  It  is  the  in.spections  that  will  be  eliminated  altogether  by  this  type  of  equipment. 
That  should  you  choose  to  fly  the  aircraft  without  the  equipment  operating  properly  you  will  have  to  go  back 
to  your  old  maintenance  practices  and  then  you  may  have  a problem. 


Anonymous 

You  may  have  a problem  then  when  you  need  to  redeploy  your  aircraft  in  an  area  where  you  do  not  have  the 
monitoring  system  available.  That  may  limit  your  Hexibility  in  redeployment. 

Author’s  Reply 

That  s true,  that  is  why  the  reliability  ot  this  type  of  equipment  is  so  critical. 

H.I.H.Saravanamuttoo 

When  you  are  looking  lor  parameter  limit  overcrossing  are  you  using  manufacturers  average  base  line  data  or 
individual  engine  base  line  data? 

Author’s  Reply 

We  are  using  individual  engine  data.  We  have  a signature  for  each  individual  engine. 
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Monsieur  A. Mihail:  La  nombrcuse  assistance,  la  haute  teneur  des  communications  et  le  nombre  des  questions  posees 
prouvent  que  le  choix  du  theme  de  ces  journees,  fait  par  le  President  et  la  Commission  adequate,  etait  non  seulement 
plcinement  justifie.  mais  necessaire. 

Vous  connaissez  probablement  tons  le  boutade  du  marchand  de  parachutes  disant  ‘‘si  le  parachute  ne  s’ouvre  pas  je 
le  remplacc  gratuitement”.  Le  probleme  pose  par  la  securite  de  fonctionnement  du  parachute  est  aussi  le  probleme  de 
sa  fiabilite  car  en  fait,  et  en  regie  generale,  il  ne  s’agit  pas  seulement  de  savoir  ce  que  rapporte  la  fiabilite,  mais  plutot 
ce  que  coiite  le  manque  de  fiabilite  et  ses  consequences. 

Comme  I’a  si  bien  fait  remarquer  Monsieur  Koff  (par  personne  interposee),  la  fiabilite  est  une  oeuvre  de  creation 
continue:  un  moteur  a reaction  est  un  ensemble  tres  complexe  oii  se  trouvent  rassembles  a la  fois  des  phenomenes  aero- 
thermodynamiques,  chimiques,  physiques,  eleclriques,  etc.  . . On  ne  peut,  done,  vouloir  faire  ou  rendre  fiable  un  moteur 
qui  n’a  pas  ete  “pense"  lors  de  sa  conception  en  fonction  de  cette  donnee,  et  de  cela  on  doit  tenir  compte  a tous  les 
stages  depuis  le  projet  jusiiu’a,  et  y compris,  I’exploitation,  en  passant  par  la  production,  la  mise  en  service,  la  reparation, 
etc.  . . La  fiabilite  d’un  reacteur  doit  etre  prise  en  compte  lors  de  la  conception  au  meme  titre  que  ses  performances. 

II  s’agit  done,  en  premier  lieu,  de  creer  un  etat  d’esprit  car  la  fiabilite,  dans  le  cadre  d’un  projet  aussi  complexe  qu’un 
moteur,  est  avant  tout  ccla. 

II  est  bien  connu  que  pour  rendre  un  moteur  reellement  competitif  en  exploitation,  le  Constructeur  doit  admettre 
une  depense  equivalente  a celle  consentie  pour  sa  certification.  On  peut  certes  ameliorer  la  fiabilite  du  moteur  en  exploi- 
tation, mais  le  cout  de  cette  amelioration  sera  d’aatant  plus  eleve  que  I’importance  accordee  a la  fiabilite  au  stade  du 
projet  aura  ete  plus  faible. 

En  d’autres  termes,  considerer  la  fiabilite  comme  un  facteur  d’egale  importance  que  les  performances  est  devenu  une 
necessitc  absolue  pour  les  moteurs  civils  et  dans  le  contexte  actuel  il  en  sera  de  meme,  vraisemblablement,  pour  les 
moteurs  militaires. 

****** 

On  a beaucoup  parle,  durant  ces  deux  journees,  des  differents  aspects  de  la  fiabilite  du  moteur  et  de  certains  de 
ses  constituants,  ainsi  que  des  couts.  Le  remarquable  expose  du  General  Giorgieri  et  du  Colonel  Facca  se  passe  de 
commentaire. 

Mais  sur  un  autre  plan,  plus  abstrait  celui-la,  je  vous  rappelle  que  M.  Slatford  parlait  de  taux  de  defaillance  de  1 0® 
pour  I’ensemble  du  groupe  propulseur,  autrement  dit,  y compris  tous  ces  accessoires  et  ces  instruments  de  conduite  et 
de  controle  (dont  vous  avez  note  I'importance  pour  les  programmes  "On  Condition”).  Or,  e’est  justement  la.  qu’a 
I’heure  actuelle  se  pose  avec  le  plus  d’acuite  le  probleme  du  manque  de  fiabilite. 

La  tenue  en  service  des  accessoires  et  dcs  systemes  de  controle  moteur  constitue  presentement  le  point  faible  du 
groupe.  M.  Rennesson  I’a  bien  montre  dans  un  de  ces  exemples. 

A une  de  mes  questions,  M.Demarteau  de  la  K.L.M.  a confirme  la  mauvaise  fiabilite  du  systeme  de  surveillance 
AIDS  lui-meme.  Quand,  par  ailleurs,  la  surveillance  continue  des  parametres  de  fonctionnement  du  moteur  a ete  mise 
en  route,  cela  a eu  pour  effet,  en  premier  lieu,  de  demontrer  le  mauvais  fonctionnement  des  instruments  de  controle  et 
de  conduite  moteur,  qui  eux,  et  non  pas  le  moteur  lui-meme,  etaient  a I’origine  de  nombreuses  deposes  prematurees, 
voire  d’arret  en  vol. 

En  raison  de  la  nature  et  de  I’origine  des  equipements,  je  ne  voudrais  pas  creer  d’incident  “diplomatique”,  mais 
la  verite  oblige  a dire  qu’il  n’y  a pas.  par  exemple,  de  systeme  de  detection  incendie  ayan  une  fiabilite  satisfaisante  du 
moins  pour  les  avions  commerciaux.  Les  Constructeurs  ont  ete  obliges  de  la  doubler  sur  les  appareils  de  la  derniere 
generation  (DC.IO,  B.727,  B.747,  AIRBUS,  etc.  .).  Cette  apparent  redondance  pose  d’ailleurs  d’autres  problemes.  mais 
cela  est  une  autre  question.  Quand  on  sail  qu’une  detection  incendie  (et  les  fausses  detections  representent  bien  plus  de 
la  moitie  du  total  lorsque  Ton  utilise  le  systeme  simple)  entraine,  outre  I’arret  du  moteur,  la  vidange  eventuelle  (suivant 
la  phase  de  vol)  de  plusieurs  tonnes  de  carburant,  le  tout  suivi  du  retour  a la  base  de  depart,  il  y a la  matiere  a reflexion 
pour  ceux  qui  font  des  recherches  sur  la  fiabilite  ou  des  etudes  de  cout/efficacite. 

Relever  avec  fidelite  une  temperature  e’est  deja  difficile,  mais  quand  de  plus,  la  fiabilite  du  systeme  de  mesure  est 
faible,  voir  douteuse,  vous  concevez  les  depenses  en  main-d’oeuvre  et  surtout  en  pieces  que  les  resultats  d’une  telle  mesure 
incorrecte  peuvent  entrainer. 

e’est  pourquoi.  Messieurs,  je  pense  que  les  problemes  de  fiabilite  des  accessoires  et  des  systemes  de  conduite  et 
controle  moteur  meriteraient  qu’on  leur  consacre,  a eux  seuls,  une  session  speciale  de  votre  assemblee, 

.Mr  G.P.Salle;  We  had  a presentation  yesterday  on  FOD  - Foreign  Object  Damage  We  have  seen  that  a fighter  inlet 
that  sits  as  high  as  the  Elcctra  will  not  pick  up  large  objects  from  the  ground  into  the  inlet.  But  I do  not  believe  that  the 
experience  applies  to  a large  high  by-pass  engine  that  is  pumping  fourteen  or  fifteen  hundred  pounds  of  air  per  second. 
Those  results  are  quite  different.  These  large  engines  do  generate  a large  vortex  and  do  pick  up  sand  and  even  larger 
particles. 


In  looking  over  what  has  been  said  in  this  meeting,  1 think  that  the  commercial  airlines  have  shown  an  ability  to 
tell  us  in  detail  those  parts  that  have  been  breaking  and  their  dissatisfaction  with  the  state  of  the  reliability  of  the  new 
technology  engines.  Tlie  military  also  is  saying  essentially  the  same  thing.  I see  emphasis  on  changing  the  policies  and 
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procedures  in  the  design  and  development  of  engines  to  try  to  put  more  emphasis  on  reliability  than  we  have  seen  before. 

But  it  seems  strange  to  me  that  we  know  so  little  about:  ( I ) how  the  engines  are  performing  today  in  terms  of  perfor- 
mance, and  (2)  how  much  it  costs  to  maintain  engines.  While  we  know  that  there  are  many  causes  for  engine  removal 
that  are  similar  between  nations,  we  have  yet  to  study  the  significant  differences  in  engine  reliability  and  reliability 
e.xperience  between  nations. 

As  a case  and  point,  I go  back  to  commercial  airlines.  I find  in  my  studies  at  Pratt  & Whitney  that  the  mean  time 
between  shop  visit  of  the  J TSD  engine  can  vary  from  2500  hrs  to  3800  hrs.  depending  on  which  airline  you  want  to  talk  i 

about.  The  same  variability  in  shop  visit  rates  exists  in  all  other  engine  models  I have  looked  at.  Further,  the  airline  that  ; 

seems  to  do  the  best  on  one  engine  does  not  necessarily  do  so  well  on  another.  There  are  gross  differences  in  engine 
build/repair  standards  and  in  how  much  money  is  put  into  or  invested  in  repairing  engines  as  I move  from  one  airline  to  i 

another  From  the  discussions  we  had  with  the  military  in  Working  CJroup  No. 8,  the  same  thing  is  true  if  I look  at  the  ' 

same  engine  in  different  nations.  There  is  a great  deal  of  variability  in  what  is  actually  done  in  a normal  engine  repair 
process.  1 believe  we  are  just  starting  the  study  of  reliability  rather  than  ending  it. 

Croup  Captain  M.J.Guest:  I find  it  very  difficult  indeed  to  comment  on  the  feast  of  information  that  we  have  enjoyed 
for  the  last  two  days.  However,  as  a representative  of  one  of  the  NATO  Air  Forces  and  thus  as  a military  customer  two 
things  have  interested  me  particularly.  Both  concerned  money,  and  I would  remind  you  of  the  trends  that  we  have  seen  in 
some  of  the  papers,  which  show  how  steeply  component  replacement  costs  have  been  rising. 

First,  we  heard  yesterday  of  the  civil  thinking  on  the  risks  of  failure  that  should  be  tolerated  with  civil  engines. 

Compared  with  civil  aircraft  there  is  generally  a much  higher  risk  level  associated  with  military  aircraft  in  peace  time  for  a 
whole  range  of  reasons;  not  the  least  of  which  may  be  the  exuberance  of  fighter  pilots  mentioned  this  morning.  Are  we 
therefore  applying  unnecessarily  low  and  therefore  expensive  levels  of  acceptable  failure  probability  in  our  military 
engines  when  we  are  deciding  on  the  lives  of  expensive  components?  Perhaps  an  increase  in  acceptable  failure  level  might 
result  in  an  insignificant  change  in  the  overall  risk  level  but  still  give  a valuable  increase  in  life.  Although  some  military 
customers  may  already  be  exploiting  this  thought,  we  in  the  UK  are  becoming  very  interested  in  this  field  of  risk  assess- 
ment, certainly  from  the  customer’s  point  of  view. 

Second,  because  of  the  extreme  variation  that  we  observe  between  two  identical  engines  in  identical  aircraft  doing 
an  apparently  identical  job,  we  feel  intuitively  that  we  ought  to  gain  financially  by  lifing  each  military  engine  component 
on  its  condition.  To  do  so,  we  would  need  some  form  of  continuous  monitoring  of  engine  parameters  such  as  r.p.m.  and 
temperature  on  each  engine  followed  by  some  form  of  automated  condition  assessment. 

However  we  are  having  difficulty  at  this  moment  in  finding  any  concrete  evidence  to  use  in  convincing  our  financial 
masters  that  buying  hardware  to  monitor  condition  in  this  way  will  save  money  in  the  future.  Although  I am  by  no  means 
an  expert,  the  missing  link  seems  to  me  to  be  that  we  have  yet  to  demonstrate  that  we  can  adequately  assess  the  actual 
condition  of  components  from  records  of  their  in-service  use,  and  if  anyone  has  such  evidence  we  would  be  delighted  to 
set  it. 

In  conclusion,  may  I add  my  thanks  to  the  Panel  and  to  all  the  presenters  of  PEP  for  the  obvious  amount  of  very 
hard  work  that  has  gone  into  making  this  symposium  a success. 

Mr  R. Smyth:  The  main  point  of  interest  in  the  papers  presented  and  in  the  discussions  of  this  PEP-meeting  on  Engine 
Reliability  has  been  the  engine  as  a vital  hardware  unit  which  has  a specific  function  to  fulfill  and  also  costs  money  during 
usage.  Thus  there  are  three  categories  which  engine  reliability  can  be  divided  into: 

(a)  mechanical  integrity, 

(b)  function  of  the  engine  (performance,  deterioration), 

(c)  economics. 

Mechanical  Integrity 

The  mechanical  integrity  has  been  the  main  subject  of  discussion  as  this  is  directly  coupled  to  reliability.  Mechanical 
failures  must  be  avoided  during  usage.  The  way  an  engine  is  expected  to  be  put  to  use  in  service  and  the  actual  type  of 
usage  it  then  experiences  are  very  important  factors  governing  the  mechanical  integrity  of  a given  engine  in  a given  installa- 
tion. 

A number  of  papers  have  been  presented  showing  what  measures  can  be  taken  to  build  a high  standard  of  durability 
into  an  engine  including  its  subsystems.  There  have  been  very  interesting  presentations  showing  what  can  be  done  in  the 
design  phase  and  how  engine  durability  can  be  tested  in  short  time.  Appropriate  test  procedures  with  actual  hardware 
can  be  applied  to  find  out  whether  the  engine  is  fulfilling  the  durability  demand  from  it.  This  assumes  a specific  method 
of  usage. 

When  the  engine  goes  into  service  actual  usage  must  be  monitored  a.'.d  compared  with  the  assumptions  laid  down  to 
demonstrate  the  standard  of  durability  demanded  during  development.  Various  papers  on  the  usage  of  engine  recorders, 
e.g.  life  history  recorders,  have  been  presented.  Experience  of  a commercial  airline  with  engine  diagnostics  has  also  been 
discussed. 

Concerning  the  life  usage  of  critical  components  there  were  discussions  on  the  evaluation  of  low  cycle  fatigue  (LCF) 
and  of  turbine  creep  life.  There  is  sufficient  know-how  available  to  build  up  useful  mathematical  models  for  calculating 
engine  life  usage  in  real  time  in  flight. 


I'hc  analysis  of  service  usage  lo  monitor  the  rate  of  life  usage  eomparej  to  predictions  during  the  development 
phase  must  include  engine  handling.  Different  modes  of  engine  handling  at  elevated  temperatures  can  lead  to  great  diffe- 
rences in  engine  life  usage. 

Investigations  showing  the  behaviour  of  engines  after  the  failure  of  critical  parts  are  necessary  for  early  failure  recog- 
nition and  fault  analysis.  There  have  been  very  interesting  papers  presented  showing  actual  test  results  with  a failed 
turbine  blade  and  clogged  fuel  spray  nozzles. 

Related  to  engine  usage  in  service  foreign  object  damage  I POD)  can  cause  serious  engine  damage  leading  to  sub- 
stantial performance  losses,  critical  failures  and  expensive  engine  overhauls.  The  RAP  film  for  Dr  Pod  was  very  informa- 
tive in  showing  how  simple  precautionary  measures  can  be  m avoiding  POD. 

Pcrforniant  c Kcliahtlilv 

Besides  the  mechanical  integrity  engine  reliability  must  also  include  the  reliability  to  perforin  as  expected.  Engine 
usage  leads  to  different  grades  of  performance  deterioration.  Hie  subject  of  performance  restoration  after  overhaul  has 
been  discussed  during  this  meeting.  The  question  of  when  to  overhaul  an  engine  to  obtain  a certain  amount  of  perfor- 
mance restoration  for  a given  cost  is  still  open.  P'lirther  investigations  in  this  field  are  necessary.  The  balance  oetween 
maintenance  costs  and  performance  restoration  is  an  important  factor  determining  performance  reliability  in  seivice. 

EcDmiinics 

As  already  shown  above  reliability  costs  money.  This  is  the  economical  aspect  of  reliability.  During  this  meeting 
we  have  learnt  that  mechanical  failures  can  involve  big  sums  of  money,  in  the  order  of  hundreds  of  thousands  of  dollars. 
Military  operators  often  tend  to  overlook  these  immense  cost  aspects.  It  is  very  useful  to  talk  to  colleagues  in  the  com- 
mercial airline  business  from  lime  to  time  in  order  to  get  a feeling  for  the  cost  factors  involved  when  reliability  of  an 
engine  is  down. 

What  we  still  lack  are  comprehensive  costing  models  for  engine  usage.  These  models  must  take  account  of  differences 
between  engines  and  deliver  a basis  for  realistic  comparisons  of  the  effects  of  different  measures  on  engine  economics 
and  total  money  spending.  The  concept  of  engine  life  cycle  cost  ( L(XT  is  gaining  increased  attention  in  the  USA.  Tliis 
appears  to  be  a reasonable  starting  point  for  analysing  the  economic  aspects  of  engine  reliability. 

Monsieur  J.C.Ripoll:  Je  voudrais  maintenant  conclure  assez  brievement,  apres  les  quatre  exposes  que  ces  Messieurs  ont 
bien  voulu  nous  fair.  Je  crois  que  nous  avons  fait  line  bonne  synthese  de  la  situation  et  je  ne  m’etendrai  pas  longuement. 
Je  dirais,  dTin  point  de  vue  philosphique.  que  pendant  assez  longtemps.  I'aerunautique  a certainenieni  pense  plus 
‘■materiel",  e'est-a-dire  vitesse.  sophistication,  performance,  que  "fonction",  e'est-a-dire.  transport  de  personnes.  confort, 
regularitc,  profit,  et  les  equivalents  pour  les  militaires.  Pour  illustrer  ceci.  j’ai  trouve  unc  phrase  que  je  vais  essayer  de  lire 
en  anglais  dans  un  document  emis  par  iin  groupe  d’ingenieurs  de  Wright-Patterson:  “The  new  generation  of  gas  turbine 
engines  is  thoroughbred,  with  all  the  idiosyncrasies  of  the  thoroughbred  breed". 

Mais  desormais.  avec  la  forte  pression  qu'exerce  sur  nous  I’ecologie,  la  croissance  des  coiits.  (du  personnel  comme  du 
petrole),  les  difficulties  de  Teconomie  Internationale,  je  crois  que  cette  conception  doit  evoluer  profondement  et,  la 
fiabilite  des  propulseurs  est  un  element  important  de  ce  probleme. 

Ce  que  j'ai  retenu,  pour  ma  part,  de  cette  reunion,  e'est  que  toutes  les  procedures  doivent  etre  revues,  en  particulier 
avec  cet  aspect  fiabilite  en  vue.  Au  niveau  de  la  conception,  par  des  relations  plus  intimes  entre  le  concepteur  et  I'utilisa- 
teur,  Tiitilisation  de  methodes  de  travail  comme  le  KNSIP  comme  “Tapproche-systeme”  au  niveau  du  developpement,  en 
appliquant  par  exemple.  cette  notion  d'essais  acccleres;  au  niveau  de  la  certification  et  de  I’homologation.  par  une 
meilleure  definition  des  essais:  au  niveau  de  revaluation,  des  coiits  et  performances  on  n’a  peut-etre  pas  assez  parle 
du  concept  de  life-cycle-cost  et  du  programme  "APSI  cost”  . . .,  au  niveau  de  la  maintenance,  on  a peut  etre  pas  assez. 
parle  de  "poursuivre  I’effort  du  Maintenance  Steering  ilroup”  pour  imposer  une  mcthodologie;  au  niveau  de  la  surveil- 
lance, en  faisant  un  peu  plus  reference  a une  sorte  de  medecine  thermomecanique. 

Kn  tani  que  President  du  Comite  de  ce  meeting,  je  remercie  tous  les  auteurs  qui  ont  contribue  par  d'excellentes 
communications  sur  ce  sujet.  Je  remercie  aii.ssi  nos  quatre  oraleurs  a cote  de  niois,  pour  leur  contribution  synlhi^ique. 
je  remercie  evidemment  Tassistance  d’avoir  bien  voulu  nous  honorer  en  grand  nombre  jusc)u'au  dernier  moment  et  d’avoir 
reellement  anime  cette  reunion;  je  veux  aussi  remercier  nos  inlerpretes  qui  ont  donneS  et  je  parle  avec  une  certaine 
experience,  car  j'ecoute  loujours  les  deux  versions,  franyaise  el  anglaise.  elles  nous  ont  donne  une  tres  bonne  interpriUalic.i. 

Je  pense  maintenant  que  le  Dr  Winterfeld,  President  de  notre  Panel  Knergelique  et  Propulsion,  va  vousdire  quelques 
mots  sur  nos  prochaines  reunions,  et  vous  verrez.  je  pense.  que  notre  Panel  fail  de  son  mieux  pour  repondre  aux  preoccu- 
pations qui  ont  cte  specialement  mises  en  valeur  par  ces  Messieurs. 
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1 4.  Abstract 

These  Conference  Proceedings  contain  18  papers  presented  at  the  49th  Meeting  of  the 
Propulsion  and  Energetics  Panel  on  “Power  Plant  Reliability”  held  at  the  Koninklijk 
Instituut  Van  Ingenieurs,  The  Hague,  Netherlands  on  31  March  and  1 April  1977.  The 
discussions  of  the  papers  as  well  as  a Round  Table  Discussion  at  the  end  of  the  sessions,  and 
a Technical  Evaluation  Report  are  included  in  the  Proceedings. 

The  meeting  was  organized  to  review  and  discuss  engine  reliability  from  four  aspects; 

/ • the  reliability  of  current  civil  and  military  engines  as  experienced  by  the  users, 

• civil  and  military  authorities’  plans  to  promote  improved  reliability  in  future  engines, 

•'  • what  manufacturers  are  doing  to  improve  reliability  through  design  and  testing  programs, 

^ • the  role  that  engine  health  monitoring  and  diagnostics  is  taking  in  minimizing  the  impact 
of  engine  unreliability  for  both  civil  and  military  users. 

High  Engine  performance,  achieved  step  by  step  from  one  engine  generation  to  the  next  has 
to  be  paid  for  with  higher  costs  both  of  the  original  engine  and  the  maintenance  due  to  the 
increased  complexity.  Today,  economic  forces  have  produced  the  need  for  both  users  and 
manufacturers  to  re-evaluate  their  priorities  on  performance  and  engine  reliability. 

The  meeting  gave  insight  to  major  causes  for  engine  unreliability  (problems  arising  repeatedly 
and  with  every  user,  difference  between  engine  usage  and  design  basis,  dependency  on 
auxiliary  parts  or  components  of  the  engine)  and  showed  the  need  for  comprehensive  data 
feedback  to  manufacturers. 
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Discussion  at  the  end  of  the  sessions,  and  a Technical  | Discussion  at  the  end  of  the  sessions,  and  a Technical 

Evaluation  Report  are  included  in  the  Proceedings.  | Evaluation  Report  are  included  in  the  Proceedings. 
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